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ABSTRACT

Extraction of essential oil from Artemisia
campestris and its application studies

By
Ruyuf Moalla Alharbi

This research investigated the protective effects of Artemisia Campestris essential
oil (ACEO) against chlorpyrifos (CPF) toxicity in rats supported by computational
modelling. Rats were divided into four groups: Group 1 (control), Group 2 (CPF
treatment for 20 days, 10mg/kg/day), Group 3 (pre-treatment with ACEO for 10
days followed by CPF for 10 days), and Group 4 (ACEO treatment for 20 days). Our
findings showed that CPF administration led to hematological disturbances, such
as increased white blood cells and decreased red blood cells, hemoglobin, and
hematocrit. CPF also disturbed biochemical parameters like acetylcholinesterase
(AChE), glycemia, cholesterol, and total bilirubin. Histopathological changes were
observed in the brain and spleen. ACEO pre-treatment protected against these
disturbances. Histopathological analysis showed that ACEO improved tissue
damage in the brain and spleen caused by CPF. In silico ADMET predictions
indicated that the major molecules in ACEO exhibited favorable pharmacokinetics.
Seven phytoconstituents showed significant binding affinity to human AChE
pointing to their potential as neuroprotective agents. The stability of (+)-
spathulenol, a lead compound, was studied through dynamic simulations for 200ns,
showing promise as an AChE inhibitor similar to Donepezil. This study highlights
ACEOQO's potential as an eco-friendly agent to enhance antioxidant defenses and

counteract CPF's harmful effects.



Chapter One



LITERATURE REVIEW

1.1. Introduction

The genus Artemisia, a prominent member of the Asteraceae family, encompasses
over 500 species distributed widely across the Northern Hemisphere, particularly
in temperate and arid regions of Asia, Europe, and North America [1,2]. Plants of
this genus are characterized by their aromatic nature and a rich history of
ethnomedicinal use, with several species having well-established therapeutic
profiles [3]. Among them, Artemisia annua is globally recognized for producing
artemisinin, an antimalarial compound that has revolutionized malaria treatment
[4,5]. Other species like A. absinthium, A. vulgaris, and A. dracunculus are also

widely studied for their pharmacological potential [2,6].

One particularly underexplored yet promising species within the genus is
Artemisia campestris L., commonly known as field wormwood. This perennial herb
1s native to Europe and extends through North Africa, the Middle East, and Asia
[7,8]. It thrives in diverse habitats, including steppes, sandy soils, and coastal
zones, often exhibiting significant morphological and phytochemical diversity
depending on environmental conditions [9]. Morphologically, A. campestris is
distinguished by its slender, branched stems, finely divided leaves, and small,
yellowish flower heads [10]. The plant is adapted to xerophytic conditions and is
resilient against drought and poor soils, making it ecologically significant in its

native habitats [11].

Ethnobotanically, A. campestris has been used in traditional medicine systems of
North Africa, the Mediterranean, and Central Asia for centuries. It has been
employed to treat a range of conditions, including gastrointestinal disorders,
inflammation, fever, wounds, and parasitic infections [12,13]. Decoctions and
infusions prepared from its aerial parts have traditionally been used as vermifuges,

antipyretics, and digestive aids [14]. In Algerian and Moroccan folk medicine, the



plant is also used externally to treat skin diseases and internally as a general tonic
[15]. These traditional uses are supported by pharmacological investigations, which
have reported antimicrobial, antioxidant, anti-inflammatory, and cytotoxic

activities of A. campestris extracts and essential oils [16,17].

Central to the therapeutic effects of A. campestrisis its essential oil (EQO), a volatile
mixture rich in monoterpenes, sesquiterpenes, and other oxygenated compounds
[18,19]. Essential oils, by nature, are complex secondary metabolites that serve
plants in ecological roles such as defense and pollinator attraction [20]. In modern
science, EOs have garnered significant attention for their potential as natural
antimicrobial agents, antioxidants, and anti-inflammatory compounds, especially
in the face of growing resistance to synthetic drugs and consumer demand for plant-
based remedies [21,22]. The biological activity of EOs is closely linked to their
chemical composition, which can vary widely due to genetic, environmental, and

seasonal factors [23].

EOs from various Artemisia species have been extensively studied for their
pharmacological benefits, and A. campestris is no exception. Its EO has shown
strong antimicrobial activity against a wide range of bacterial and fungal
pathogens, in some cases comparable to standard antibiotics [19,24]. Moreover,
studies have reported significant antioxidant properties through assays such as
DPPH and ABTS, indicating its potential role in oxidative stress management [13].
Recent investigations have also pointed toward cytotoxic effects on cancer cell lines,

suggesting the possibility of developing EO-based anticancer formulations [17].

Despite this potential, research on A. campestris EO remains scattered and lacks
a comprehensive synthesis of its phytochemical diversity, bioactivities, and
commercial viability. With the growing global interest in plant-based therapeutics
and sustainable bioresources, there is a pressing need to consolidate existing
knowledge on this species and identify opportunities for further research and
industrial application [25,26]. This review aims to provide a detailed examination

of Artemisia campestris essential oil, encompassing its botanical and geographical



background, traditional uses, extraction techniques, chemical composition,
biological and pharmacological activities, industrial applications, toxicity profile,
and future research directions. By integrating findings from ethnopharmacology,
phytochemistry, and biomedical sciences, this review highlights A. campestris EO
as a multifaceted aromatic resource with significant promise for therapeutic and

commercial exploitation.
1.2. Botanical Description and Distribution
1.2.1 Morphological Characteristics of Artemisia campestris

Artemisia campestris L., commonly known as field wormwood, is a herbaceous or
semi-woody perennial plant belonging to the Asteraceae family. It typically grows
between 20—100 cm in height and displays a highly branched, erect stem, which
can be glabrous or slightly pubescent. The leaves are alternately arranged, finely
divided, and covered with silvery hairs, giving the plant a greyish-green
appearance. Basal leaves are longer and more deeply lobed than those on the stem.
The inflorescences are terminal panicles composed of small, yellowish to reddish
capitula (flower heads), each surrounded by involucral bracts. Flowering generally

occurs from July to October depending on the geographic region [27].

Figure 1.1. Artemisia campestris L. | Plants
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1.2.2 Taxonomic Classification

Artemisia campestris L. belongs to the large and diverse genus Artemisia, which is
part of the Asteraceae family, one of the largest families of flowering plants. The
genus includes more than 500 species, many of which are renowned for their
medicinal, aromatic, and ecological importance [28]. Within this genus, A.
campestris 18 a polymorphic species, displaying substantial variation across its
geographic range. This diversity is reflected in the existence of multiple subspecies
and varieties, which differ in morphological features, habitat preferences, and
chemical composition. These differences are often driven by local environmental
pressures, leading to adaptations that enhance survival in arid or semi-arid
ecosystems. The formal taxonomic classification of A. campestris is presented in

the table below (Table 1).

Table 1. 1. Taxonomic classification of Artemisia campestris L.

Taxonomic Rank Classification
Kingdom Plantae

Clade Angiosperms

Clade Eudicots

Order Asterales

Family Asteraceae

Genus Artemisia

Species Artemisia campestris L.

This taxonomic placement aligns A. campestris with a group of plants that have
adapted to thrive in diverse climates, from temperate to arid zones. Understanding
the taxonomy of A. campestris is not only important for botanical classification but
also for guiding research into its phytochemistry and pharmacological potential, as
taxonomic differences often correlate with variations in essential oil composition

and bioactivity.



1.2.3 Natural Habitats and Global Distribution

A. campestris is widely distributed across the Northern Hemisphere, especially in
Europe, North Africa, and temperate regions of Asia. It is also found in parts of
North America. This species typically grows in dry, sandy, and rocky soils,
including coastal dunes, grasslands, steppes, and degraded lands. It thrives in

open, sun-exposed areas and is tolerant of arid to semi-arid climates (Table 2) [29].

Table 1.2. Global distribution of Artemisia campestris

Region Countries Habitat Type
North Africa = Algeria, Morocco, Tunisia Arid/semi-arid, steppe,
dunes

Europe France, Spain, Italy, Balkans, Coastal areas,
Eastern Europe grasslands

Asia Iran, Central Asia, Siberia Steppes, rocky slopes

North USA, Canada Prairies, sandy

America wastelands

1.2.4 Chemotypes and Ecological Factors Influencing Composition

The phytochemical composition of A. campestris is highly variable and influenced
by ecological, climatic, and geographical factors. Several chemotypes have been
identified across different regions, distinguished by variations in major
constituents of the essential oil, such as camphor, 1,8-cineole, myrcene, borneol,

and spathulenol. For example:

o In Algeria, A. campestris essential oil is often rich in camphor and 1,8-cineole
[30].

e In Tunisia, the plant shows higher levels of a-thujone and borneol [31].

e In Central Asia, chemotypes are dominated by sesquiterpenes such as

caryophyllene oxide [32].



1.3. Methods of Extraction and Analysis
1.3.1 Common Extraction Techniques

The essential oils of Artemisia campestris are primarily extracted from the aerial
parts of the plant using several methods, with hydrodistillation being the most
widely employed technique. This method involves immersing plant material in
water and boiling it to release volatile compounds, which are then condensed and
collected. It 1s the traditional method recommended by the European
Pharmacopoeia and widely used due to its simplicity and effectiveness in

preserving thermolabile components (Table 3) [33].
Other techniques include:

o Steam distillation: Similar to hydrodistillation but uses steam passed
through plant material. It is more energy-efficient and preferred for
industrial-scale production.

« Solvent extraction: Uses organic solvents (e.g., hexane, ethanol) to extract
essential oils, especially when targeting less volatile or heat-sensitive
compounds. This method often yields concrete or absolute forms [34].

« Supercritical fluid extraction (SFE): Utilizes supercritical CO: for a high-
purity extract with minimal degradation. Though more expensive, SFE is

gaining popularity for sensitive phytochemical profiles [35].



Table 1.3. Comparison of Essential Oil Extraction Methods for A. campestris

[33,35]
Extraction Method Principle Advantages Limitations
Hydrodistillation Boiling plant = Simple, traditional, Time-consuming,

Steam Distillation

Solvent Extraction

Supercritical CO: (SFE)

material in water

Steam passes
through plant
material

Organic solvents

extract EOs
Uses supercritical

CO: to extract

suitable for volatile oils

Efficient, scalable

Suitable for non-volatile

or delicate compounds

High purity, minimal

heat degradation

1.3.2 Factors Affecting Yield and Composition

potential thermal
degradation

Less suitable for
heat-sensitive
compounds
Solvent residue,
longer process
Expensive
equipment, complex

setup

The yield and chemical composition of A. campestris essential oil are influenced by

a combination of intrinsic and extrinsic factors:

e Plant part used: Leaves generally yield more oil and a richer profile than

stems or flowers.

Developmental stage: Harvesting during the flowering stage often results in

higher oil content and a broader spectrum of bioactive compounds [29].

Geographical origin and climate: Altitude, temperature, and precipitation
directly impact secondary metabolite biosynthesis. For instance, plants in
arid zones show higher concentrations of oxygenated monoterpenes like

camphor and 1,8-cineole [30].

Extraction parameters: Time, temperature, and distillation method

significantly affect both yield and quality.



1.4. Chemical Composition of Artemisia campestris Essential Oil
1.4.1 Major Chemical Constituents

The essential oil of Artemisia campestris, a species in the Asteraceae family, is
known for its complex chemical composition. Major constituents identified include
monoterpenes, sesquiterpenes, and oxygenated compounds (Table 4). The most

prominent chemical components of A. campestris essential oil include:

o Camphor: A bicyclic ketone with a characteristic odor, camphor is one of the
most abundant constituents in A. campestris oil. It has antimicrobial, anti-

inflammatory, and analgesic properties [36].

Figure 1.2. Structure of Camphor

o 1,8-Cineole: Also known as eucalyptol, it is a monoterpene oxide with a

cooling, minty aroma. It has antiseptic and bronchodilatory properties [37].

Figure 1.3. Structure of 1,8-Cineole

e Borneol: A bicyclic alcohol that contributes to the oil’s cooling, minty aroma.

It has antifungal and anti-inflammatory properties [36].
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HsC. CHs

HsC on

Figure 1.4. Structure of Borneol

e Thujone: A ketone found in many Artemisia species, thujone has potential
neurotoxic effects but also displays antimicrobial and insecticidal properties

[37].

CHs

HsC CHs

Figure 1.5. Structure of Thujone

e a-Pinene: A monoterpene that is found in many essential oils, a-pinene has
a fresh pine-like aroma and exhibits anti-inflammatory and antimicrobial

activities [36].

Figure 1.6. Structure of a-Pinene



https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:309140-2

e B-Pinene: Another monoterpene that contributes to the fragrance profile of

the oil and has been shown to possess anti-inflammatory properties [37].

Figure 1.7. Structure of B-Pinene

o Linalool: A terpenoid alcohol with a floral lavender-like scent, linalool has

calming, anti-anxiety, and sedative effects [36].

H,C OH
|
CH,
HsC~ “CHs

Figure 1.8. Structure of Linalool

Table 1.4: Major Chemical Constituents of Artemisia campestris Essential Oil

Compound @ Chemical Percentage Properties
Formula in Essential

Oil
Camphor Ci0H160 | 10-40% Antimicrobial, anti-inflammatory
1,8-Cineole | C10H180 | 5-20% Antiseptic, bronchodilator
Borneol CioH180 | 5-15% Antifungal, anti-inflammatory
Thujone CioHi60 | 1-10% Antimicrobial, insecticidal
a-Pinene CioH16 2-10% Anti-inflammatory, antimicrobial
B-Pinene CioHi1s 2-10% Anti-inflammatory
Linalool C10H180 | 1-5% Calming, anti-anxiety

10
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1.4.2 Variation in Composition Based on Geography, Climate, and Harvest Time

The chemical composition of A. campestris essential oil can vary significantly

depending on several environmental and seasonal factors:

Geographical Variation: Studies have shown that A. campestris from
different regions exhibit variations in the levels of major constituents. For
example, plants grown in Mediterranean climates tend to have higher
concentrations of camphor and 1,8-cineole, while those from temperate

regions may show increased levels of borneol and thujone [37].

Climate Conditions: Temperature, humidity, and rainfall during the growing
season can influence the biosynthesis of essential oil constituents. Dry
climates may lead to higher concentrations of monoterpenes, whereas more
humid conditions can result in higher levels of oxygenated compounds like

camphor and borneol.

Harvest Time: The timing of the harvest can also affect the oil’'s composition.
Essential oils extracted from plants harvested during peak flowering or early
fruiting periods may contain higher levels of certain volatile compounds. For
instance, the concentration of 1,8-cineole can vary significantly depending

on whether the plant is harvested in the early morning or late afternoon [36].

1.4.3 Chemometric Analysis and Cluster Grouping

Chemometric methods, such as principal component analysis (PCA), hierarchical

clustering, and multivariate analysis, have been widely used to study the variation

in the chemical composition of essential oils. These techniques help identify

patterns in the data that may be associated with geographic location, harvest time,

and climatic factors.

11



e Cluster Analysis: Through chemometric analysis, researchers can group
essential oils into clusters based on their chemical similarity. This allows for
the identification of patterns that correlate with specific environmental

conditions [36].

e Principal Component Analysis (PCA): PCA can be used to reduce the
dimensionality of large datasets, helping to visualize the differences and
similarities in the chemical composition of essential oils from different

regions and harvest times [36].

Such analyses have revealed that A. campestris essential oils from plants grown in
similar climates often exhibit closely related chemical profiles, while oils from

geographically distant populations show distinct compositional differences [37].
1.5. Biological and Pharmacological Activities

The essential oil of Artemisia campestris has been studied for a wide range of
biological and pharmacological activities [38]. These activities include
antimicrobial, antioxidant, anti-inflammatory, analgesic, anticancer, and other
protective effects. Below is a detailed overview of the different biological activities

associated with A. campestris essential oil.
1.5.1. Anticancer and Cytotoxic Effects

Artemisia campestris essential oil has shown promising anticancer and cytotoxic
properties in various in vitro and in vivo studies. The oil has been reported to
inhibit the growth of several cancer cell lines and demonstrates selective

cytotoxicity.
Evidence from in vitro and in vivo models:

Several studies have demonstrated that A. campestris essential oil possesses
anticancer potential. In vitro assays have revealed that the oil significantly inhibits

the proliferation of cancer cells, including breast, lung, and colon cancer cell lines.
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The o1l induces cell cycle arrest, apoptosis, and inhibits tumor cell migration and
invasion. For example, a study by Rashed et al., [36] showed that the essential oil
of A. campestris exhibited a dose-dependent inhibition of cell growth in human
colorectal cancer cells (HCT116). The oil also induced apoptosis, as evidenced by
increased caspase-3 and caspase-9 activity. In vivo studies have further supported
these findings, with essential oil demonstrating antitumor effects in animal
models, including a reduction in tumor size and weight when administered to mice

with induced breast cancer [37].
Synergistic Effects with Chemotherapeutic Agents:

Artemisia campestris essential oil has been found to enhance the effects of standard
chemotherapeutic agents. Studies show that the combination of A. campestris
essential oil with agents like doxorubicin or cisplatin leads to increased cytotoxicity
and improved anticancer effects, possibly through the modulation of drug

resistance mechanisms in cancer cells (Table 5).

Table 1.5: Anticancer and Cytotoxic Effects of Artemisia campestris Essential Oil

[36,37]

Study Model Effect Mechanism of Action
In vitro (various Inhibition of cell Induction of apoptosis, cell
cancer cell lines) proliferation cycle arrest

In vitro (HCT116 Cytotoxicity and growth Caspase activation, apoptosis
cells) inhibition
In vivo (mice with Reduced tumor size and Tumor growth inhibition,

breast cancer) weight apoptotic pathways
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1.5.2. Other Biological Activities

Apart from its anticancer and cytotoxic properties, Artemisia campestris essential

oil has demonstrated several other beneficial biological activities:
Insecticidal and Larvicidal Effects:

A. campestris essential oil has been shown to possess strong insecticidal and
larvicidal properties, particularly against mosquitoes and agricultural pests.
Studies indicate that the essential oil can effectively kill insect larvae and
act as a repellent. The oil’'s compounds, such as 1,8-cineole and camphor,

contribute to these effects (Table 6).
Antidiabetic Potential:

The o1l has been reported to exhibit antidiabetic effects, as it can help
regulate blood sugar levels. In animal models, A. campestris essential oil has

been shown to improve insulin sensitivity and reduce blood glucose levels.
Hepatoprotective Effects:

Artemisia campestris essential oil has demonstrated hepatoprotective
properties, protecting the liver from oxidative damage and toxic agents. In
experimental models, it significantly reduced liver enzyme levels, indicating

its potential in preventing liver damage [37].
Neuroprotective Potential:

The essential oil’s neuroprotective effects have been highlighted in studies
related to neurodegenerative diseases. It has been shown to alleviate
symptoms associated with oxidative stress-induced neurodegeneration,

which is promising for conditions like Alzheimer’s disease [36].
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Table 1.6: Other Biological Activities of Artemisia campestris Essential Oil

Activity Model/Condition @ Effect Mechanism of
Action

Insecticidal Mosquitoes, Effective  larvicidal = and  Neurotoxic effects

[Larvicidal | agricultural pests | repellent through inhibition
of acetylcholinstrase
and disruption of
the insect nervous
system, leading to
paralysis and death

Antidiabeti = Animal models = Reduced blood glucose levels | Improvement of

c (rats) insulin sensitivity

Hepatoprot = Animal models | Reduced liver enzyme levels | Antioxidant effects,

ective (liver damage) detoxification

Neuroprote = Animal models = Alleviation of Antioxidant, anti-

ctive (neurodegeneratio | neurodegenerative symptoms  inflammatory

n)

1.6. Industrial and Commercial Applications

The essential oil of Artemisia campestris has garnered significant attention for its

diverse industrial and commercial applications due to its potent biological

properties. These applications span multiple sectors, including food preservation,

cosmetics, personal care products, and bio-pesticides.

1.6.1. Use in Food Preservation and Flavoring

Artemisia campestris essential oil is recognized for its antimicrobial and

antioxidant properties, making it a valuable ingredient in food preservation and

flavoring. The oil’s ability to inhibit microbial growth and prevent spoilage has led

to its exploration as a natural preservative in food products. It is especially useful

in extending the shelf life of perishable goods such as meat, dairy, and baked

products.
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o Preservative Properties: The essential oil's antimicrobial properties,
particularly against bacteria and fungi, make it suitable for use in food
products to prevent contamination and extend freshness [36]. The oil's active
compounds, such as camphor and 1,8-cineole, are effective against a wide

range of spoilage microorganisms.

o Flavoring Agent: The distinctive aroma of A. campestris essential oil, which
is a blend of herbal, camphorous, and minty notes, has been utilized as a
natural flavoring agent in food products. It is particularly popular in
beverages, confectionery, and sauces, where its unique flavor profile can

enhance the taste.
1.6.2 Applications in Cosmetics and Personal Care Products

The essential o1l of Artemisia campestris has found multiple uses in the cosmetics
and personal care industries due to its beneficial properties for skin and hair. Its
antimicrobial, anti-inflammatory, and antioxidant effects make it an excellent
addition to formulations aimed at promoting skin health and addressing common

cosmetic concerns.

o Skin Care: The oil's antimicrobial properties help in treating acne, fungal
infections, and skin irritations. Its anti-inflammatory effects make it a
suitable ingredient for soothing and calming the skin [37]. Additionally, its
antioxidant activity protects the skin from oxidative stress, which is a major

contributor to premature aging.

o Hair Care: A. campestris essential oil has been used in hair care products to
promote scalp health, reduce dandruff, and improve hair growth. Its
antifungal properties help combat scalp conditions caused by fungal

infections, while its antimicrobial effects prevent bacterial growth [36].

e Perfume and Fragrance: Due to its unique aroma, A. campestris essential oil

1s also utilized in the perfume industry to create distinctive fragrances. The
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oil's refreshing scent, which combines herbal and minty notes, 1is

incorporated into both men’s and women’s fragrances.

1.6.3 Potential as a Bio-pesticide or Eco-friendly Agent

With the increasing demand for environmentally friendly agricultural practices,
Artemisia campestris essential oil has emerged as a potential bio-pesticide. Its
insecticidal, larvicidal, and repellent properties make it an effective and eco-

friendly alternative to chemical pesticides (Table 7).

o Insecticidal and Larvicidal Effects: As mentioned previously, A. campestris
essential oil has been shown to effectively kill insect larvae and act as a
repellent. These properties have been utilized in the development of bio-

pesticide formulations to control pests in crops.

o Eco-friendly Pesticide: The oil's low toxicity to humans and animals, along
with its biodegradable nature, makes it an attractive alternative to synthetic
chemical pesticides. Unlike conventional pesticides, A. campestris essential
oil breaks down naturally in the environment, posing minimal risk of

pollution and ecosystem disruption [37].

o Plant Protection: Additionally, its application as a plant protectant helps
control fungal diseases in crops, reducing the need for chemical fungicides.
This is especially beneficial in organic farming practices, where the use of

synthetic chemicals is restricted.
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Table 1.7: Industrial and Commercial Applications of Artemisia campestris

Essential Oil

Application Use Active Benefits/Properties
Area Compounds
Food Preservative Camphor, 1,8- Antimicrobial,
Preservation and flavoring Cineole antioxidant, enhances
and Flavoring flavor
Cosmetics and  Skin care, hair Camphor, Antimicrobial, anti-
Personal Care care, fragrance | Linalool, inflammatory,

Borneol antioxidant, soothing
Bio-pesticide Insecticidal, 1,8-Cineole, Biodegradable, effective
and Eco- larvicidal, plant Camphor against pests and fungi,
friendly Agent | protection low toxicity

1.7. Toxicity and Safety Aspects

Despite the promising pharmacological properties of Artemisia campestris
essential oil, its safety and toxicity profile must be carefully evaluated, especially
for long-term use in humans and animals. Various studies have been conducted to
assess the acute and chronic toxicity, cytotoxicity, genotoxicity, safe dosage ranges,

and regulatory considerations for its use in different applications.

1.7.1 Acute and Chronic Toxicity Data

Acute toxicity studies assess the immediate harmful effects of a substance after a
single dose or exposure. Research on Artemisia campestris essential oil suggests
that, while the oil exhibits beneficial effects, it can be toxic at high concentrations.
In animal studies, oral administration of the essential oil has resulted in mild to
moderate toxicity symptoms, including gastrointestinal irritation, lethargy, and in
severe cases, death at extremely high doses [37]. A study by Rashed et al., [36] in
rats showed that a single high dose (greater than 500 mg/kg body weight) of A.

campestris essential oil led to toxic signs like excessive salivation and respiratory
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distress. However, lower doses (below 200 mg/kg body weight) did not produce any

significant adverse effects.

Chronic toxicity refers to the long-term effects of repeated exposure to a substance.
Long-term exposure to A. campestris essential oil, particularly at doses exceeding
the recommended therapeutic levels, has been associated with liver damage and
kidney dysfunction in some animal models. However, the oil appears to be
relatively safe when used in low concentrations and in short-term applications,

such as in cosmetic formulations and food products.
1.7.2 Cytotoxicity and Genotoxicity Assessments

Cytotoxicity refers to the potential of a substance to damage or kill cells. Several in
vitro studies have assessed the cytotoxic effects of A. campestris essential oil on
human cell lines. While the essential oil exhibits anticancer activity, it has also
shown cytotoxic effects on non-cancerous cells at higher concentrations. Studies
using human fibroblast and liver cells (HepG2) indicated that A. campestris oil can
induce cell death, but these effects were generally dose-dependent [40]. At
therapeutic doses, the oil demonstrated selective toxicity towards cancer cells,

making it a promising anticancer agent.

Genotoxicity refers to the ability of a substance to cause genetic damage, leading to
mutations or cancer. Few studies have directly assessed the genotoxicity of A.
campestris essential oil. However, in some preliminary studies, the oil's major
constituents, such as camphor and 1,8-cineole, have been shown to possess
genotoxic potential at high concentrations, particularly in bacterial mutagenesis
assays [40]. While the oil does not exhibit significant genotoxicity at typical
exposure levels, caution should be exercised when using it in high doses or over

prolonged periods.
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1.7.3 Safe Dosage Ranges and Regulatory Considerations
Safe Dosage Ranges:

- Cosmetic Use

According to guidelines from regulatory bodies such as the European Medicines
Agency (EMA) and the U.S. Food and Drug Administration (FDA), essential oils
are generally recognized as safe (GRAS) for cosmetic use in concentrations ranging
from 0.1% to 5% depending on the product. For skin-care products, A. campestris

essential oil is typically included at concentrations of 0.5% to 2% in formulations.

- Oral Consumption

For oral consumption, it is recommended to keep the dose of A. campestris essential
oil below 0.5 mL per day, based on its potential for toxicity at higher doses [37].
Doses above this level may lead to gastrointestinal distress, liver, and kidney

dysfunction, particularly with prolonged use.
Regulatory Considerations:

In the European Union, essential oils are subject to the regulations set by the
European Food Safety Authority (EFSA) and the European Medicines Agency
(EMA). These bodies require the submission of safety data on essential oils,
including toxicity assessments, before they can be used in food, medicinal, or

cosmetic products.

In the United States, essential oils are typically classified as GRAS (Generally
Recognized as Safe) by the FDA for use in food products and cosmetics, provided

they are used in low concentrations and do not exceed established safety limits.
Toxicological Studies and Certifications

Before using A. campestris essential oil in consumer products, particularly food and

medicinal products, it is essential to conduct comprehensive toxicological studies.
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These studies should include dermal irritation tests, patch tests, and long-term
animal studies to ensure consumer safety. Additionally, certification from
recognized bodies such as the International Fragrance Association (IFRA) or the

Environmental Protection Agency (EPA) is necessary for ensuring the safe

application of A. campestris essential oil in various industries (Table 8).

Table 1.8: Toxicity and Safety Aspects of Artemisia campestris Essential Oil

Toxicity Aspect

Findings

Safety Recommendations

Acute Toxicity

Chronic Toxicity

Cytotoxicity

Genotoxicity

Safe Dosage

Regulatory
Considerations

Mild to moderate toxicity
at high doses (500 mg/kg in
rats)

Liver and
dysfunction
prolonged use
doses

Selective toxicity to cancer
cells, but non-cancer cells
affected at higher
concentrations

Potential genotoxic effects
at high doses (camphor,
1,8-cineole)

0.1% to 5% for cosmetics,
<0.5 mL/day for oral use
GRAS for food and
cosmetic use within safety
limits

kidney
with
at high

1.8. Challenges and Future Perspectives

Avoid high doses, limit to <200
mg/kg for oral use

Limit long-term use and adhere
to recommended concentrations

Use in therapeutic doses for
anticancer purposes, avoid high
concentrations 1In non-cancer
treatments

Monitor for prolonged or high-
dose use

Follow regulatory guidelines for
safe concentrations

Comply with EFSA, EMA, and
FDA guidelines for product
formulation

Despite the growing interest in Artemisia campestris essential oil for its wide range
of biological and industrial applications, several challenges remain that hinder its
full potential. These challenges include gaps in current research, issues related to
standardization and quality control, the need for clinical validation and

formulation development, and concerns about the sustainability of harvesting and
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cultivation practices. Addressing these challenges will be crucial for ensuring the

safe, effective, and sustainable use of A. campestris essential oil in various fields.
1.8.1. Gaps in Current Research

While Artemisia campestris essential oil has demonstrated promising biological
and pharmacological activities, there are significant gaps in our understanding of
its full therapeutic potential and mechanisms of action. Some of the key research

gaps include:

Comprehensive Toxicological Data: Although some studies have evaluated
the toxicity of A. campestris essential oil, more detailed and extensive
research is needed to understand its long-term effects on human health,
particularly with chronic exposure. Research on its interaction with other
pharmaceutical compounds or potential adverse effects in vulnerable

populations (e.g., pregnant women, children) is also lacking.

Pharmacokinetics and Bioavailability: The absorption, distribution,
metabolism, and excretion (ADME) properties of A. campestris essential oil
and its components have not been well studied. Future research should focus
on the pharmacokinetics of the oil's bioactive compounds to determine how

they are absorbed and metabolized in the human body.

Mechanisms of Action: While many studies have demonstrated the biological
effects of A. campestris essential oil, the underlying molecular mechanisms,
such as receptor interactions, signal transduction pathways, and enzyme
modulation are not yet fully understood. Further research is needed to
elucidate these mechanisms and identify potential targets for therapeutic

interventions.
1.8.2. Standardization and Quality Control Issues

One of the major challenges in the use of Artemisia campestris essential oil is the
lack of standardization and quality control in its production and application.

Essential oils are highly susceptible to variations in composition based on factors
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such as geographic origin, climatic conditions, and harvesting methods. These

variations can result in inconsistent therapeutic effects and efficacy.
Geographical Variability

A. campestris essential oil’'s chemical composition varies significantly
depending on the region where it is grown, the time of harvest, and even the
specific cultivar. This geographical variability makes it difficult to
standardize the oil for commercial and therapeutic use, potentially affecting

product efficacy and safety.
Batch-to-Batch Consistency

To ensure consistent quality and therapeutic efficacy, stringent quality
control measures must be implemented during the harvesting, extraction,
and packaging processes. Analytical techniques like gas chromatography
(GC) and high-performance liquid chromatography (HPLC) are crucial for

ensuring the consistency of key active compounds in each batch.
Standardization of Active Compounds

There 1s a need to establish standardized concentrations of key active
compounds, such as camphor and 1,8-cineole, to ensure the oil’s efficacy in
various applications. This would enable manufacturers to produce

consistent, high-quality products.
1.8.3.Need for Clinical Validation and Formulation Development

While the antimicrobial, anticancer, and antioxidant properties of A. campestris
essential oil have been supported by in vitro and animal studies [41], clinical trials
are essential to validate its efficacy and safety in human populations. Some key

areas requiring further research include:
Clinical Trials

Rigorous clinical studies are needed to confirm the oil’s therapeutic potential

in humans, especially for conditions such as cancer, inflammation, and
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diabetes. These trials should focus on determining optimal dosages,

treatment durations, and potential side effects in humans.
Formulation Development

The development of effective and stable formulations that deliver the
therapeutic benefits of A. campestris essential oil is another critical area of
research. Given the volatility and potency of essential oils, advanced
formulation technologies such as nanoencapsulation, liposomal delivery
systems, and controlled-release formulations should be explored to enhance

bioavailability and reduce potential toxicity.
Synergistic Effects

Investigating the potential synergistic effects of A. campestris essential oil
in combination with other therapeutic agents (e.g., chemotherapeutic drugs)
could open new avenues for its use in integrated therapies. Clinical studies
exploring these combinations are necessary to determine their effectiveness

and safety in treating complex conditions like cancer and infectious diseases.
1.8.4. Sustainable Harvesting and Cultivation Practices

As the demand for Artemisia campestris essential oil grows, ensuring the
sustainability of its production is crucial to prevent overharvesting and protect
biodiversity [42]. Several factors need to be addressed to ensure that the cultivation

and harvesting of A. campestris are environmentally sustainable:

Overharvesting and Conservation

In some regions, the collection of wild A. campestris plants for essential oil
extraction has led to overharvesting and potential threats to natural
populations. Sustainable harvesting practices, such as limiting the amount
of wild plants harvested and promoting the cultivation of A. campestris, are

necessary to prevent depletion of natural resources.
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Cultivation Practices

Encouraging the cultivation of A. campestris under controlled conditions
can help reduce the pressure on wild populations. However, the cultivation
of A. campestris needs to be done with careful consideration of local
ecosystems and soil health. Organic farming practices should be promoted to
avoid the use of harmful pesticides and fertilizers, which could reduce the

quality of the essential oil.
Environmental Impact

The extraction of essential oils can have environmental implications,
especially if solvents or chemical extraction methods are used [43].
Sustainable extraction methods, such as steam distillation, should be
prioritized to minimize the environmental footprint of essential oil

production.

Table 1.9: Key Challenges and Future Perspectives for Artemisia campestris

Essential Oil

Challenge Current Status Future Perspective

Research Gaps Limited pharmacokinetics, | Focus on in vivo studies, clinical
mechanistic studies, and  trials, and molecular
clinical data mechanisms

Standardization High  variability due to Development of standardized

and Quality geography, harvesting, and quality control protocols and
Control extraction methods analytical methods

Clinical Lack of clinical trials for human @ Conduct rigorous human trials
Validation and | efficacy and safety and develop stable, bioavailable
Formulation formulations

Development

Sustainable Overharvesting and | Promote sustainable farming,
Harvesting and unsustainable cultivation | conservation efforts, and eco-
Cultivation practices in some regions friendly extraction methods
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Neuroprotective effects of Artemisia campestris
essential oil against chlorpyrifos-induced
toxicity in rats supported by computational
modelling

2.1. Introduction

Chlorpyrifos or CPF ((0,O-diethyl- O-(3,5,6-trichloro-2-pyridinol)
phosphorothioate) is a lipophilic chlorinated OP ester, commonly used in
agriculture as a protecting agent for crops and in food production [1,2]. CPF acts by
inhibiting AChE, crucial enzyme for nerve function of insects, but it remains an
agent that seriously threatens and destroys human health (respiratory,
cardiovascular and nervous organs), as well as environmental safety [1,3]. The
metabolism of CPF produces ROS wvia its bioactivation, contributing to its
prominent genotoxicity and neurotoxicity [4-6]. Every year, approximately 2
million tons of pesticides, primarily organophosphorus, are used, resulting in an
estimated 2.5 million cases of acute poisoning and 200,000 deaths [1,7]. Moreover,
their broad use can affect the applicators’ health, and induces harmful on the
environment [8]. Recent studies indicate that pesticide exposure cause oxidative
stress and enhance the production of reactive oxygen species (ROS), leading to free
radical formation and lipid peroxidation in the tissues of mammals and other
organisms [9-11]. Organophosphorus pesticides (OPs) are the most commonly used
in agriculture for insect control [12-14]. Underestimating their use is insidious and
can lead to health risks, particularly OP-related poisoning [15]. OP compounds are
nerve agents that act by damaging the AChE enzyme irreversibly [16]. Its
inhibition in the central and peripheral nervous systems, resulting in acetylcholine
accumulation and excessive activation of muscarinic and nicotinic receptors, which

can ultimately result in death [17]. Moreover, many authors show that these
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compounds also modify the activities of the antioxidant enzymes [17]. Essential oils
(EOs) and their beneficial chemical phytocompounds from medicinal herbs have an
important function in traditional pharmacopeia practices [18-21]. EOs showed
broad-range of bioactivities and have been classified as effective antioxidants [22-
26]. Since pesticide exposure impairs endogenous defence mechanisms and
increases ROS production, leading to the pathogenesis of neurological disorders
and depletion of antioxidant systems, EOs may exert a counteracting effect by
scavenging and neutralizing ROS [27-29]. Artemisia species are among the
promising herbal medicines that has been extensively used in the local folk
medicine, due to their important medicinally valuable secondary metabolites and
essential oils served for the treatment of a plethora ailments in humans [30,31].
The EO from Artemisia Campestris has been proven for its powerful antioxidant
properties [32,33]. Its phytochemical composition was previously investigated by
our team and GC-MS analysis revealed the presence of a total of 61 components
such as #pinene and #eudesmol followed by a-pinene, y-terpinene, terpinene-4-ol,
Amyrcene, trans-#ocimene and a-terpineol [34]. The originality of our study is to
demonstrate simulation and molecular docking, a novel approach not developed for
the effects of ACEO against CPF induced nervous toxicity and disrupts AChE
activity, and there are no reports in the field. Therefore, the present study was
conducted to investigate the effect of ACEO on CPF-induced nervous and splenic
toxicities in rats supported with an in-silico modelling including pharmacokinetic,
molecular docking and dynamic simulation analysis on the top major

phytoconstituents of ACEO.
2.2. Material and Methods
Preparation of ACEO

ACEO was prepared by hydrodistillation (2h) of 250 g of ground samples using a
Clevenger-type apparatus. After drying over anhydrous sodium sulfate, the
essential oil was stored at 4 °C. The chemical composition of ACEO was initially

identified through GC-MS analysis in previous study [34]. With these compounds
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analyzed by GC-MS, we will conduct a comprehensive in silico pharmacokinetics

modelling to evaluate their potential therapeutic applications.
Animal experiments

Adult female albino Wistarrats were handled under the used standard laboratory
conditions. Food and water were available ad /ibitum. All animal experiments were
conducted according to the protocols and guidelines for animal treatment and
experimentation. All animal procedures were performed in accordance with the
Ethical Committee Guidelines for Laboratory Animal. After two weeks of

acclimatization, the rats were allocated randomly to four experimental groups:
Groupe I: Control rats receiving water and a standard diet ad libitum
Groupe II: The rats received CPF by gavage (10 mg /Kg/day) for 20 days

Group III: The rats received a pre-treatment by ACEO with 200 mg/kg of bw for 10
days and then a post treatment by the CPF (10 mg /Kg/day) during the last 10 days
by gavage

Groupe IV: The rats received ACEO at the dose of 200mg/Kg/day by gavage for 20
days.

At the end of experimentation, the rats were sacrificed after anesthesia with chloral
hydrate. Some blood samples were collected in heparinized tubes used for the
determination of the hematological parameters. Other blood samples are taken
without anticoagulant. Serum samples were drawn from blood after centrifugation
at 4000 rpm for 15 min. They were kept at -20 °C until biochemical analyses. The
brain and spleen were quickly excised, minced with ice cold saline, blotted on filter

paper which were used for histopathological analysis.
Hematological parameters

Hematology White blood cell count (WBC), red blood cell count (RBC), hemoglobin

(Hb), hematocrit (Ht), mean corpuscular volume (MCV), mean corpuscular
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hemoglobin concentration (MCHC) and blood platelet count (PLT) were measured
with an automate sysmex Kx-21N (CHU Habib Bourguiba Sfax).

Biochemical parameters

AchE, glycemia, cholesterol and total bilirubine parameters were measured using

commercial reagents kits in the CHU Hedi Chaker Sfax.
Histopathological study

Brain and spleen samples were fixed with 10% formalin, dehydrated with alcohols
of increasing concentrations, then included in paraffin. Fine sections were made
with a microtome and stained with hematoxylin-eosin (H&E) for microscopic

observation.
Molecular Docking and dynamic study

The inhibitory effects of the essential oils on AChE were evaluated through a
molecular docking study using human AChE (PDB ID: 4EY7). All phytocompounds
were prepared with the Glide LigPrep panel v6.7 (Schrodinger Suite 2024-1), where
their 3D structures were energy-minimized, chiralities were corrected, protonation
states were generated at physiological pH, and multiple conformers were produced.
The AChE crystal structure was refined using the Protein Preparation Wizard,
which corrected missing atoms, loops, and side chains, adjusted bond orders, and
removed unwanted water molecules or heteroatoms. The docking grid was created
with the Glide Receptor Grid Generation tool, and docking was carried out using
the Glide SP (v10.2) protocol to predict optimal binding modes [35,36]. Molecular
dynamics simulations were performed using Desmond (G 6.9.137) to examine the
stability of the protein—ligand complexes. Each system was solvated in an
orthorhombic box using the SPC water model [37], with a 10 A buffer around the
complex. The OPLS4 force field was applied for both the protein and ligand.
Counterions were added to neutralize the system, along with 0.15 M NaCl to mimic
physiological ionic strength. Energy minimization was performed to remove steric

clashes, followed by equilibration under NVT and NPT ensembles. The
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temperature was maintained at 300 K using the Nosé—Hoover thermostat, and
pressure was kept at 1 atm with the Martyna—Tobias—Klein barostat. Long-range
electrostatics were treated using the Particle Mesh Ewald method, and all covalent
bonds involving hydrogen were constrained with the SHAKE algorithm. Production
runs were carried out for 100 ns with a 2 fs time step, and the trajectories were
analyzed for RMSD, RMSF, hydrogen bonding patterns, and the overall stability of
the complex throughout the simulation. The Desmond simulations were performed
on a Linux workstation running Ubuntu 22.04.2 LTS, equipped with an Intel®
Xeon® W-2245 CPU (8 cores / 16 threads, 3.9 GHz base, 4.7 GHz turbo) and an
NVIDIA RTX A4000 GPU (Driver Version 535.183.01, CUDA Version 12.2),
providing efficient GPU-accelerated performance for molecular dynamics

computations.

ADMET analysis
In silico ADMET studies of the major selected phytocompounds were assessed to
predict  their  druglikeness and pharmacokinetic  properties  using

https://biosig.lab.ug.edu.au/pkesm/ and http://www.swissadme.ch/ server tools.

Statistical analysis

The results obtained have been expressed as mean values + standard error of mean
(SEM). Statistical significance was assessed using one-way analysis of variance
(ANOVA) followed Tukey post hoc test. Values of p<0.05 were considered

significant.

2.3. Results

Effects on the variation of some body growth parameters of control and treated rats
The exposure to CPF showed a remarkable decrease in body growth during the
treatment (Fig. 1). The pretreatment with ACEO restores the growth of treated
rats compared to the group of rats receiving only the pesticide. There is also a
significant decrease in absolute weight at the end of treatment for treated rats
compared to control. However, the pretreatment with ACEO significantly reduced

these disturbances of growth.
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Fig.2.1. Growth curve (A) and body weight (B) after treatment of control and
treated rats

Values were expressed as means+ SEM (n=>5).

* p< 0.05

Effects on some hematological parameters

Our results demonstrated a significant decrease in RBC, Hb and Ht levels, as well
as a significant increase in WBC in group treated with CPF compared to control
(Table 1). ACEO remarkably reduced this disturbance of hematologic factors
induced by CPF
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Table 2.1. Effects of CPF, ACEO and their combination (CPF+ACEO) on some
hematological parameters

Parameters & Control CPF CPF+ACEO ACEO
treatment

RBC (10¢/pL) 7.95£0.13  7.18+0.08"  7.39+0.05™  7.79+£0.19
WBC (103/pL) 12.17+41.1  14.06+0.72° 11.52+0.55%  11.83+0.82
Hb (g/dD) 14.47+0.21 13.4+0.22" 138.75+0.18*#* 14.05+0.33
Ht (%) 44.25+0.71 41.7+0.67° 42.27+0.12*  43.97+1.19
VGM (f1) 55.65+0.45 57+0.21 57.15+0.44 56.42+0.43
MCH (pg) 18.2+0.26  18.27+0.085 18.6+0.24 18.02+0.28
MCHC (g/dD) 32.72+0.28 82.05+0.21  32.52+0.44 31.95+0.39

Values were expressed as means+ SEM (n=5).

* p<0.05; ** p<0.01 vs control; ACEO+CPF vs CPF : # p< 0.05

Effects on some biochemical parameters

The administration of CPF induced an increase in blood glucose, total bilirubin and
total cholesterol levels as well as a decrease of cholinesterase activity and these in
comparison with the control rats (Table 2). The pretreatment with ACEO
significantly restored these biochemical parameters already mentioned in

comparison with rats treated with CPF only.
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Table 2.2. Effects of CPF, ACEO and their combination (CPF+ACEO) on serum

parameters of control and treated rats.

Values were expressed as means+ SEM (n=5).

* p< 0.05 3 ** p< 0.01; *** p< 0.001 vs control; ACEO+CPF vs CPF : # p< 0.05 ; #
p< 0.01

Parameters & Control CPF CPF+ACEO ACEO
treatment

Glycemia (mmol/1) 5.91+0.14 6.12+0.38"  5.62+0.06# 5.81+0.17
Cholesterol (mmol/1) 0.75+0.03 0.86+0.04*  0.83+0.01 * 0.79+0.1
Total bilirubin 6.06+0.91 6.83+0.83"* 6.2+0.17 5.9+1.35
(mmol/1)

AchE (mmol/l) 319.75+8.37 33.5+0.35" 61.4+11.61™"#* 346.2+58.32

Histopathology of the brain and the spleen

The microscopic observation of the brain histopathology (Fig. 2) demonstrated a
conservation of cellular architecture and normal vessels in control group. In
addition, there were no changes in the appearance of the brain in rats treated with
ACEO compared to control. However, CPF treated rats revealed the presence of
edema and an alteration of the architecture with the presence of clear periplasmic
halos marker of cerebral edema which is an accumulation or excess of fluid. These
alterations are subsequently corrected by the administration of ACEO. The
microscopic observation of the spleen histopathology (Fig. 3) demonstrated that
control rats showed normal spleen morphology. CPF induced evidence of spleen
alterations and tissue damage compared to control. On the other hand, the
combination of CPF and ACEO revealed improvement in spleen as compared to

treated rats.
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Fig.2.2. Representative photographs of brain showing the protective effect of ACEO
on CPF induced neurotoxicity in rats. Control (A), rats treated with CPF (B), rats
treated with the combination of CPF+ACEO (C) and rats treated with ACEO (D)

(400x)

+: Edema

Fig.2.3. Representative photographs of spleen showing the protective effect of
ACEO on CPF induced splenocytes toxicity in rats. Control (A), rats treated with
CPF (B), rats treated with the combination of CPF+ ACEO (C), rats treated with

ACEO (D) (400x)
=—p : Red pulp; « Inflammatory aspects; ™= : White pulp
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ADMET prediction studies

Conducting computational drug-likeness and pharmacokinetics predictions is a
crucial and very important stage in accelerating the drug discovery process through
effective filtering and prioritization of potential candidates [38-44]. In our case,
eleven majors volatile phytoconstituents (Fig. 4) from ACEO were selected for their
pharmacokinetics prediction using both pkCSM and Swiss ADME online tools [45-
47]. The forecast of drug-likeness properties provides that all selected compounds
obeyed to Lipinski’s five rules. Our predictive results (Table 3) showed that the
selected molecules displayed good absorption properties with negative water
solubility values, Caco2 permeability and intestinal absorption (> 93%) are in
acceptable range, moderate to potent skin permeability (log Kp) and were no P-
glycoprotein inhibitor. Their distribution parameters indicated all compounds
exhibited high BBB permeability with CNS values lesser than -3. Regarding their
metabolism behavior towards the CYP-coenzymes as listed in Table 3, all
phytocompounds were no inhibitor of any sub-enzymes. Total Clearance and Renal
OCT2 substrate were also predicted as descriptive of their excretion characteristics.
The toxicity results indicated that almost all compounds are defined as inactive
with regard to hepatotoxicity and mutagenicity, but only compounds 4, 7, 9, 10 and
11 are represent a positive skin sensitization. The bioavailability radar graph (Fig.
4) indicate that all compounds were completely located in the in the pink area of
oral bioavailability, as evidenced by their good oral bioavailability.The
gastrointestinal absorption and brain penetration properties of the selected
compounds (Fig. 4) revealed that they belong to the yellow region (red point)
meaning their ability to passively traverse the blood—brain barrier (BBB) and that

they are P-gp (PGP-).
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Table 2.3. ADMET parameters of ACEO major compounds

Entry 1 2 3 4 5 6 7 8 9 10 11 Reference
Absorption
Water solubility - - - - - - - -2.039 - - -4.712 -
Caco2 permeability 1.398 |1 1.385 | 1.394 | 1.397 | 1.417 | 1.403 | 1.202 | 1.489 | 1.666 | 1.313 | 1.329 >0.9
Intestinal absorption 96.04 | 95.562 | 94.47 | 95.89 | 95.18 | 95.30 | 93.85 | 94.18 | 96.05 | 94.86 | 96.364 <30% is poorly
1 5 5 8 5 1 7 3 7
Skin Permeability (log - - - - - - - -2.418 - -1.982 >-2.5 is low
P-glycoprotein inhibitor
Distribution
VDss (human) 0.667 | 0.685 | 0.366 | 0.396 | 0.337 | 0.412 | 0.103 | 0.207 | 0.056 | 0.495 | 0.386 Low 1s <-0.15, High 1s
Fraction unbound 0.425 | 0.35 [ 0.389 | 0.484 | 0.386 | 0.424 | 0.489 | 0.565 | 0.382 | 0.306 | 0.138 -
BBB permeability 0.8 0.818 | 0.777 [ 0.723 | 0.772 | 0.741 | 0.55 | 0.305 | 0.552 | 0.61 | 0.635 | Poorly is <-1, High 1s >0.3
CNS permeability - - - -2.37 - - - -2.807 - - -1.783 | Penetrate is >-2, Unable is
Metabolism
CYPs inhibitors
Excretion
Total Clearance 0.043 | 0.03 [ 0.438 |1 0.213 ] 0.441 | 0.217 | 1.269 | 1.219 | 0.583 | 0.895 | 1.032
Renal OCT2 substrate - - - - - - - - - - -
Toxicity
AMES toxicity, -
Hepatotoxicity
Skin Sensitization + + + + +
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Fig.2.4. Radar plot and Boiled-Egg graph of the ACEO major compounds. Major
volatile compounds present in the ACEO, a-Pinene (1), #Pinene (2), #Myrcene (3),
R(+)- Limonene (4), trans-#Ocimene (5), yTerpinene (6), Terpinene-4-ol (7), a
Terpineol (8), Geranyl acetate (+) (9), (+)-Spathulenol (10), #Eudesmol (11).
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Molecular Docking Analysis

Phytochemical screening of plant extracts often reveals significant biological activity,
but the specific phytocompound responsible for this activity remains elusive. To
bridge this knowledge gap, molecular docking studies are conducted on the major
1dentified compounds to establish a correlation between the phytocompound and the
observed AChE inhibitors activity (Neuroprotective effects). Alzheimer's disease, a
devastating neurodegenerative disorder, is characterized by the progressive decline
of cognitive functions, memory loss, and neuronal death [48]. One of the key enzymes
implicated in the pathogenesis of Alzheimer's disease is AChE. This enzyme plays a
crucial role in the breakdown of acetylcholine, a neurotransmitter essential for
learning, memory, and cognitive functions. The decrease in acetylcholine levels is
thought to contribute to the cognitive decline and memory impairment characteristic
of Alzheimer's disease. Inhibiting AChE activity has been a promising therapeutic
strategy for Alzheimer's disease. AChE inhibitors, such as donepezil, rivastigmine,
and galantamine, have been developed to increase acetylcholine levels in the brain,

thereby improving cognitive functions and slowing disease progression [49].
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Table 2.4. Docking score in Kcal/mol of the studied identified phytocompounds and
Donepezil against AChE enzyme.

Docking score

Phytocompounds (keal/mol)
a-pinene -6.081
F-pinene -5.157

- myrcene -2.584
R-(+)-Limonene -4.605
Trans-focimene -3.704
y-Terpinene -5.682
Terpinene-4-ol -6.445
aTerpineol -5.618
Geranyl acetate -5.845
(+)-Spathulenol -6.74
6 Eudesmol -6.68
Donepezil -12.167

The molecular docking was carried out to inspect the binding affinity and prospective
Iinteractions between the identified phytocompounds and the active site of AChE
(PDB ID: 4EY7). To ensure the reliability of the docking workflow, the protocol was
validated using the co-crystallized ligand donepezil from the human AChE crystal
structure (PDB ID: 4EY7). The ligand was extracted from the binding site, prepared
using the same LigPrep settings applied to the test compounds, and redocked into the
receptor with the Glide SP protocol. The predicted binding pose was then compared
with the original crystallographic orientation. The superimposition analysis showed
a very close alignment between the two poses, with an RMSD value of 0.111 A (Fig.
5). This low deviation confirms that the docking protocol accurately reproduces the
experimentally observed binding mode and is suitable for evaluating the

phytocompounds in the study. The molecular docking results, as shown in Table 4,
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reveal the binding affinity of the identified phytocompounds against the AChE

enzyme.

\s 3

~ v(\:
=

Fig.2.5. Validation of the docking protocol using the co-crystallized ligand donepezil
in AChE (PDB ID: 4EY7).

The experimental pose (shown in green color) is overlaid with the Glide-redocked pose
(shown in blue color). The two conformations align closely, yielding an RMSD of 0.111
A, confirming that the docking procedure reliably reproduces the crystallographic

binding orientation.
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Fig.2.6. 2D and 3D Binding poses of (+)-spathulenol in the active of site human AChE enzyme (PDB code: 4EY7)
(Hydrogen bond interaction is shown by pink arrow line).
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The docking scores, expressed in kcal/mol, indicate the strength of interaction
between each phytocompound and the AChE active site. The results suggest
that several phytocompounds exhibit promising binding affinity, with 2.5 A
while the (+)- spathulenol-AChE Complex (green) generally stays below 2.0 A.
score of -6.74 kcal/mol. #eudesmol and Terpinene-4-ol also shows a strong
interaction, with a docking score of -6.68 and -6.445 kcal/mol respectively. In
comparison, the docking score of donepezil, a known AChE inhibitor, 1s -12.167
kcal/mol, indicating a strong binding affinity. The binding interaction (Fig. 6) of
(+)-spathulenol shows that it is situated in the same binding cavity as Donepezil
with the active site of AChE, revealing that it forms a hydrogen bond with
Ser125 through its terminal hydroxyl group. Additionally, van der Waals forces
of interaction are observed with several residues, including Tyr124, Gly122,
Gly121, Gly120, Ser203, Glu202, Ile451, Gly448, His447, Tyr337, Phe338, and
Tyr341. According to the X-ray crystal structure, it was observed that the
Donepezil hydrophobic scaffold also shows van der Waals forces of interaction
with Gly120, Gly121, Tyrl24, and Gly126. Among the phytocompounds
identified in the Artemisia campestris essential oil, (+)-spathulenol stands out
as a likely major contributor to the observed AChE inhibitory activity. Its
binding affinity and interaction pattern suggest a stronger and more favorable
engagement with the AChE active site compared with the Donepezil. Since
acetylcholinesterase inhibition is a well-recognized mechanism for enhancing
cholinergic neurotransmission, this activity is often linked to neuroprotective
potential, particularly in conditions involving cognitive decline. Therefore, the
prominent inhibitory behavior of (+)-spathulenol indicates that it may play a
central role in the neuropharmacological properties associated with A.

campestris essential oil.
Molecular Dynamic Simulation

The binding affinity and interactions observed in the docking studies provide a
static view of the complex, but do not account for the dynamic fluctuations that
occur in the system. To gain a deeper understanding of the molecular

interactions and stability of the complexes, molecular dynamics (MD)
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simulations were performed. A 200 ns molecular dynamics simulation of the (+)-
spathulenol-AChE and Donepezil-AChE complexes was carried out to
investigate the dynamic behavior of these compounds in the binding site. This
simulation provides further insights into the molecular interactions of these
compounds in motion, allowing for the evaluation of the stability and dynamics
of the complexes. The MD simulation results can provide valuable information
on the conformational changes, hydrogen bonding, and Hydrophobic
interactions that occur between the compounds and the enzyme over time. This
can help to identify the key residues and interactions that are responsible for
the stability and inhibitory activity of the compounds. Furthermore, the
simulation can also provide insights into the flexibility and adaptability of the
compounds and the enzyme, which can influence the binding affinity and

inhibitory activity.
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Fig.2.7. Time dependent RMSD of AChE protein Ca atoms in complex with (+)-
spathulenol and Donepezil

One of the key metrics used to evaluate the structural integrity of protein-ligand
complexes over a given period is the root-mean-square deviation (RMSD). This

parameter provides valuable insights into the stability of these complexes by
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tracking the fluctuations in the atomic positions of the protein-ligand system as
it evolves over time. During MD simulations, the positions of the atoms in the
complex are repeatedly sampled and recorded at regular intervals, generating a
trajectory of the system's behavior. By analyzing these atomic coordinates, the
RMSD can calculate, which serves as a quantitative measure of the complex's
stability and conformational changes over time. A small RMSD value is
indicative of a structurally stable complex that maintains its native
conformation, whereas a higher RMSD value signifies that the complex
undergoes significant fluctuations or conformational changes over the course of
the simulation. Throughout the simulation, the RMSD values for the Donepezil-
AChE Complex (red) predominantly range from around 1.0 to the lower range
of RMSD in the (+)-spathulenol-AChE Complex suggests that its atomic
positions remained more consistent with the reference structure compared to
those in the Donepezil-AChE Complex (Fig. 7). After the initial spike, the RMSD
of both complexes decreases and stabilizes between 20-40 ns, indicating a period
of relative structural consistency. The RMSD of the (+)-spathulenol-AChE
Complex remains relatively consistent and low between 140-150 ns, indicating
a stable conformation. The Donepezil-AChE Complex appears to have a higher
RMSD on average than the (+)-spathulenol ~AChE Complex. This suggests that
the Donepezil-AChE Complex experiences moderate deviations from the initial
structure, potentially indicating flexibility or less stability compared to the (+)-
spathulenol-AChE Complex.

The Root Mean Square Fluctuation (RMSF) analysis is a valuable tool used to
assess the conformational flexibility of a protein structure during molecular
dynamics simulations. RMSF analysis involves calculating the mean deviation
of the atomic positions of individual amino acids from their average positions
over a specified time period. This yields a profile of atomic fluctuations, where
regions with high RMSF values indicate greater flexibility and those with low
RMSF values suggest more rigid structures. The RMSF data for the (+)-
spathulenol-AChE complex and the Donepezil-AChE complex reveals

comparable overall flexibility, as evidenced by similar average RMSF values.
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RMSF Analysis
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Fig.2.8. RMSF of individual amino acids of EGFR protein Ca atoms in complex
with (+)-spathulenol and Donepezil

of 0.81 A and 0.85 A respectively. However, there are moderate differences
observed in their dynamics. The (+)-spathulenol-AChE complex exhibits a
slightly higher maximum RMSF of 5.71 A compared to 5.15 A for the Donepezil-
AChE complex, indicating potential differences in their effects on binding
modes. Higher RMSF values are observed in loop regions as well as in terminal
amino acids, including Glu4, Asp5, Asn265, Arg493, Asp494, and Ala542 (Fig.
8). Despite these variances, both complexes demonstrate similar minimum
RMSF values, suggesting a comparable ability to stabilize specific regions of the
AChE protein. During the simulation, both the (+)-spathulenol-AChE complex
and the Donepezil-AChE complex were found to interact with key amino acids,
including Tyr72, Asp74, Leu76, Trp86, Gly121, Tyr124, Ser125, Trp286, Val294,
Phe295, Arg296, Phe297, Tyr337, Phe338, and Tyr341 within the AChE protein.
Notably, the RMSF values of these interacting residues remained below 2.5 A
throughout the simulation, indicative of their stable interactions with the

ligands. This stability suggests that (+)-spathulenol effectively bind to these
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amino acids within the AChE protein, influencing its dynamics and potentially
modulating its activity.

During molecular dynamics MD simulation, significant binding interactions
were observed in both the (+)-spathulenol-AChE complex and the Donepezil-
AChE complex, elucidating their respective modes of interaction with AChE. In
the (+)-spathulenol-AChE complex, notable hydrogen bond interactions were
observed primarily at residues Tyr124 and Ser125, indicating specific points of
contact between the ligand and the protein. Strong hydrophobic interactions
were prominent at Trp86, Trp286, Phe338, and Tyr341, underscoring their role
in stabilizing the complex through nonpolar contacts. Moderately strong ionic
interactions predominantly occurred at Serl125, with a smaller fraction at
Asp74, suggesting electrostatic attractions within the complex. Additionally,
water bridges were notably formed with Phe295 and Arg296, potentially aiding
in the stabilization of the complex through solvation effects (Fig. 9). In contrast,
in the Donepezil-AChE complex, hydrogen bond interactions were
predominantly observed at Ser125, while strong hydrophobic interactions were
noted at Trp86, Trp286, and Tyr341, similar to the observations in the (+)-
spathulenol-AChE complex. Ionic interactions were evident at Asp74, indicating
electrostatic attractions, and water bridges were observed at Phe295, Arg296,
Tyr341, and Gly342, hinting at additional water-mediated interactions
contributing to the stability of the complex. These comprehensive binding
interaction profiles offer valuable insights into the specific molecular
mechanisms underlying the interactions between (+)-spathulenol and Donepezil
with AChE, which are crucial for understanding their pharmacological effects
and potential therapeutic applications. The interaction analysis reveals that (+)-
spathulenol demonstrates binding interactions akin to those observed with
Donepezil within the AChE protein in physiological conditions. Such parallels

in molecular interactions imply that (+)-spathulenol.
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Fig.2.9. Binding interaction analysis of (+)-spathulenol-AChE complex and the
Donepezil-AChE complex during 200ns simulation.

holds promise as an inhibitor of AChE activity, akin to Donepezil, a well-
established therapeutic agent for Alzheimer's disease. This similarity in binding
profiles suggests that (+)-spathulenol could potentially exhibit comparable
efficacy in modulating AChE function, thereby presenting itself as a promising
candidate for further investigation and development as a therapeutic agent for

neurodegenerative disorders.
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2.4. Discussion

The benefits of medicinal plants for well-being and health have become an
essential tributary of great importance and hold immense potential in
pharmacotherapy to protect humans against several disease [50-52]. In the
present experiment, we evaluated the antioxidant capacity of ACEO against
toxicity induced by CPF. For this purpose, WBC, RBC, Gly, Ch, TB, AChE and

histopathological study were performed in different group of rats.

CPF administration induced a significant decrease in RBC, Hb and Ht levels, as
well as a significant increase in WBC as compared to control. Belhattab, R, et
al., [53] and Zouari, N, et al., [54] suggested that the decrease in RBC indicated
either excessive damage or inhibition of erythrocyte formation. The
pretreatment of rats treated with A. campestris EO reduced this disruption of
hematological parameters induced by CPF. Our results are in agreement with
the work of Saoudi et al., [55] who reported that A. campestris reduced the
damage induced by deltamethrin. Our results indicated that deltamethrin
induced a decrease in Hb Hajlaoui, H, et al., [56] and Feriani et al., [57]. Our
study revealed that treatment of rats with CPF induced a remarkable increase
in Glycemia, Total Bilirubin and total cholesterol levels as well as a decrease in
cholinesterase activity compared to control group. Our results were in
agreement with Boutabia, L, et al., [58]. The disruption of AChE activity induced
by exposure to CPF could alter cholinergic synaptic function and thus affect the
transmission of nerve information [59]. Degradation of acetylcholine is
performed by AchE, which breaks it down into choline and acetate [60]. The
combination of CPF and ACEO caused a significant increase in those
parameters as compared treated rats with CPF alone. However, there were no
differences detected for the cited parameters of treated animals with the ACEO
compared to control group. Our results were in agreement with Saoudi et al.,
[55] who revealed that ACEO in combination with deltamethrin decreased the

AChE level as compared to deltamethrin alone.

54


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fenthion

The antioxidant capacity of ACEO is verified also according to subsequent
studies Hazzit, M, et al., [59] by the presence of a richness in monoterpenes (50,
24%) whose hydrocarbon monoterpenes reveal 38,85% (a-pinene, #pinene, &
myrcene, R-(+)-limonene, trans-focimene, )-terpinene, terpinene-4-ol, a-

terpineol, geranyl acetate, (+)-spathulenol and #eudesmol).

Neurotoxicity is defined as a functional alteration of the nervous system
originating from exposure to physical, biological or chemical agents Ghanmi, M,
et al., [60]. Our histological study showed a normal architecture in both brain
and spleen of the control group. CPF selectively caused the presence of edema
and an alteration of the architecture with the presence of clear periplasmic in
brain moreover alterations, inflammatory aspects and tissue damage in spleen
of treated animals as compared to control. Our results are consistent with those
of Sbayou, H, et al., [61] indicated that rats treated with deltamethrin showed
in cerebral cortex abnormal cellular morphology accompanied by lipid deposits.
Our results indicated that ACEO protected histological alterations in both brain

and kidney against the administration of deltamethrin [55].
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Chapter Three



3.1. Conclusions

ACEO represents a natural substance in the treatment of different diseases and
it has many activities such as antioxidant and anti-inflammatory. These
activities are very effective as its chemical compounds have good affinities and
Iinteract with some key receptors, which are involved in many pathologies. The
phenolic compounds of ACEO enhance endogenous antioxidant enzymes, such
as SOD, CAT, and GPx. The extract inhibits NF-kB signalling, leading to
decreased production of inflammatory cytokines particularly TNF-a and IL-6.
Some components can chelate pro-oxidant metal ions, limiting ROS formation.
The properties of ACEO that have been previously evaluated and our results
encourage the use of this plant. The major selected phytoconstituents were
assessed for their ADMET analysis revealing satisfactory bioavailability and
pharmacokinetic properties. Significant interactions formed were formed with
(+)-spathulenol within the AChE active site. (+)-Spathulenol-AChE complex was
stable under the conditions during MD simulation. Overall, our results identify
this plant, and particularly its ACEO, as a promising candidate for further
investigation in the context of Alzheimer disease management. Nevertheless,
additional in vivo and clinical research must be subjected to examine the
safety of ACEQO, to be a candidate drug and to validate the predicted

observations.

3.2. Recommendations

- It is recommended to expand the pharmacological investigation of Artemisia
campestris essential oil (ACEO) by assessing additional neuro-inflammatory
markers such as TNF-qa, IL-18, IL-6, NF-kB, and GFAP to better elucidate the
mechanisms underlying the protective effects observed against chlorpyrifos

(CPP).

- The multi-biomarker approach should be enhanced by incorporating oxidative
stress parameters not measured in the present work, particularly MDA, GSH,

CAT, GPx, and SOD.

62



- Given the promising activity on acetylcholinesterase (AChE) and the predicted
capacity to cross the blood—brain barrier, future research should explore other
targets associated with neurodegeneration, including B-secretase (BACE-1) and

hyperphosphorylated Tau.

- Bioguided fractionation of ACEO is recommended to correlate specific active
phytoconstituents particularly (+)-spathulenol, B-eudesmol, and terpinene-4-ol

with the in vivo biological responses.

3.3. Future Works

- Measure additional oxidative stress and inflammation markers to better

understand how ACEO protects the brain and spleen.

- Assess how ACEO is absorbed, distributed, metabolized, and eliminated in the
body.

- Validate molecular docking results by conducting laboratory-based enzyme

inhibition assays.
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Chapter Jfour



Summary in English

This research investigated the protective effects of Artemisia Campestris
essential oil (ACEO) against chlorpyrifos (CPF) toxicity in rats supported by
computational modelling. Rats were divided into four groups: Group 1 (control),
Group 2 (CPF treatment for 20 days, 10mg/kg/day), Group 3 (pre-treatment with
ACEO for 10 days followed by CPF for 10 days), and Group 4 (ACEO treatment
for 20 days). Our findings showed that CPF administration led to hematological
disturbances, such as increased white blood cells and decreased red blood cells,
hemoglobin, and hematocrit. CPF also disturbed biochemical parameters like
acetylcholinesterase (AChE), glycemia, cholesterol, and total bilirubin.
Histopathological changes were observed in the brain and spleen. ACEO pre-
treatment protected against these disturbances. Histopathological analysis
showed that ACEO improved tissue damage in the brain and spleen caused by
CPF. In silico ADMET predictions indicated that the major molecules in ACEO
exhibited favorable pharmacokinetics. Seven phytoconstituents showed
significant binding affinity to human AChE pointing to their potential as
neuroprotective agents. The stability of (+)-spathulenol, a lead compound, was
studied through dynamic simulations for 200ns, showing promise as an AChE
inhibitor similar to Donepezil. This study highlights ACEQO's potential as an eco-
friendly agent to enhance antioxidant defenses and counteract CPF's harmful

effects.
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