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Abstract

This study addresses the comprehensive biological evaluation of Ruta graveolens (commonly
known as rue), focusing on its anti-inflammatory and antioxidant properties through a
multidisciplinary approach. This includes biochemical analyses, in vitro laboratory
experiments, in vivo animal testing, and in silico computational simulations. The importance
of this research lies in the ongoing search for safer natural therapeutic alternatives compared to

conventional drugs, which are often associated with long-term side effects.

The study begins with an extensive overview of inflammation—its types, stages, and key
triggering factors—highlighting the roles played by immune cells and chemical mediators. It



also discusses anti-inflammatory drugs, both steroidal and non-steroidal, explaining their

mechanisms of action and limitations in clinical use.

Within this context, Ruta graveolens is presented as a traditional medicinal plant rich in
flavonoids and essential oils. Plant samples were collected from a desert region in southeastern
Algeria, and subjected to various extraction methods to obtain both aqueous extracts and
essential oils. These extracts underwent advanced chemical analyses using UPLC-MS/MS and
GC-MS technologies, which identified bioactive compounds such as rutin, naringin, and
syringic acid in the aqueous extract, and 2-Undecanone in the essential oil.

The biological activity of the extracts was assessed in vitro through protein denaturation
inhibition tests to determine anti-inflammatory potential, and DPPH assays to evaluate
antioxidant activity. The results demonstrated notable efficacy, particularly at higher
concentrations. In addition, in silico simulations were conducted to predict the bioavailability
and toxicity of the compounds, as well as their binding affinities to key enzyme targets such as
COX-1 and Glutathione Reductase, supporting their anticipated anti-inflammatory

mechanisms.

In the in vivo component, animal models (Wistar rats) were exposed to the herbicide glyphosate
and subsequently treated with the plant extracts. Hematological, biochemical, and antioxidant
enzyme markers were analyzed, alongside histopathological examinations of affected tissues.
The findings revealed significant improvement in both physiological and histological

parameters, reinforcing the therapeutic potential of Ruta graveolens.

The study concludes that Ruta graveolens possesses promising properties as a natural source of
bioactive compounds with anti-inflammatory and antioxidant effects. It recommends further
clinical and exploratory research to develop pharmaceutical products based on the plant’s

constituents, within the framework of complementary and alternative medicine.

The study concludes that Ruta graveolens possesses promising properties as a natural source of
bioactive compounds with anti-inflammatory and antioxidant effects. It recommends further
clinical and exploratory research to develop pharmaceutical products based on the plant’s

constituents, within the framework of complementary and alternative medicine.

The study concludes that Ruta graveolens possesses promising properties as a natural source
of bioactive compounds with anti-inflammatory and antioxidant effects. It recommends
further clinical and exploratory research to develop pharmaceutical products based on the

plant’s constituents, within the framework of complementary and alternative medicine.



Keywords: Ruta graveolens, Anti-inflammatory activity, Antioxidant activity, Medicinal

plants, Essential oils, Aqueous extract
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LIST OF ABBREVIATIONS

ALT: Alanine aminotransferase

AST: Aspartate aminotransferase

DMSO: Dimethyl sulfoxide

DPPH: 2,2'-Diphenyl-1-picrylhydrazyl
DTNB: 5,5'-Dithiobis-(2-nitrobenzoic acid)
EDTA: Ethylenediaminetetraacetic acid
FBS: Fasting blood sugar

GSH: Glutathione

H20: Water

H202: Hydrogen peroxide

HCI: Hydrochloric acid

HGB: Hemoglobin

IC50: Concentration causing 5S0% inhibition of an activity
LDH: Lactate dehydrogenase

LYM: Lymphocytes

MCYV: Mean corpuscular volume

MDA: Malondialdehyde

MDH: Malate dehydrogenase

NADPH: Nicotinamide adenine dinucleotide phosphate
PH: Potential of hydrogen

PLT: Platelets

POD: Peroxidase

RBC: Red blood cell

SD: steam distillation



SOD: Superoxide dismutase
TBS: Tris buffer saline solution
TCA: Trichloroacetic acid

WBC: White blood cell
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Introduction

Inflammation constitutes one of the fundamental biological mechanisms upon which the body
relies as a defensive response against external stimuli such as pathogens, tissue injuries, or
harmful chemical substances|1]. This response involves a complex interaction between immune
system cells, inflammatory chemical mediators, and enzymes that regulate the internal
environment of tissues. Although inflammation is a natural phenomenon aimed at repairing
damaged tissues and restoring biological balance, its dysregulation or prolonged persistence
may shift it from a protective state to a driving factor for a series of chronic and serious

disorders, such as arthritis, cardiovascular diseases, cancers, and neurodegenerative diseases

[2].

Chronic inflammation is closely associated with oxidative stress, which results from the
accumulation of free radicals and the weakening of antioxidant defenses|3], leading to damage
to proteins, lipids, and DNA. Numerous studies have shown that the interplay between these
two phenomena directly contributes to the progression of chronic diseases. Despite the
effectiveness of synthetic anti-inflammatory drugs, their prolonged use is linked to significant

health risks, prompting the search for safe and effective natural alternatives.

Medicinal plants are among the most prominent of these alternatives, due to their richness in
bioactive compounds such as flavonoids, terpenoids, alkaloids, and essential oils [4], which
have demonstrated significant anti-inflammatory and antioxidant properties. Among these
plants, Ruta graveolens stands out, traditionally known in folk medicine for its applications in
treating inflammatory, neurological, digestive, and dermatological disorders.[5] This plant
contains active compounds such as flavonoids (rutin, naringin), coumarins, and volatile oils (2-
undecanone), which are believed to contribute to its biological effects, although they still

require comprehensive scientific evaluation.

In this context, the present study aims to conduct an integrated biological analysis of Ruta
graveolens by evaluating its anti-inflammatory and antioxidant properties using a

multidisciplinary scientific approach, including:

o Chemical analysis of the aqueous extract and essential oil using GC-MS and UPLC-
MS/MS techniques,|6]
e In vitro evaluation through protein denaturation and DPPH radical scavenging

assays,| 7|



e Invivo evaluation using a glyphosate-induced toxicity model in rats,[8]
e In silico simulations to study bioavailability, toxicity, and the binding of active

compounds to biological targets.[9]
Hence, the central research question of this study arises:

To what extent can Ruta graveolens, with its chemically active compounds, offer a safe and
effective natural alternative capable of combating inflammation and oxidative stress, supported
by biological, chemical, and computational evidence? Could it potentially outperform
conventional pharmaceutical treatments? And what is its ability to improve histological,

biochemical, and physiological markers in the context of glyphosate exposure?
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Introduction

The inflammation is an essential event; this protective response may lead to potentially
damaging consequences. Various autoimmune disorders are characterized by marked
inflammation and associated failure of repair process. Pro-inflammatory molecules like TNFa,
certain interleukins, prostaglandins and even pathogenic concentration of nitric oxide are
instrumental in raising such response| 10]. Many current anti-inflammatory drugs target these
medi-ators at different levels, yet they lack specificity and their unto-ward effects restrict their
long-term use | 11].

Hence, there is a constant demand for better therapeutic alterna-tives. Herbal products are well
known for their reputed medicinal properties; however, most of them are empirically used.
Several plants of Rutaceae family are used in traditional medicine worldwide.

The most common medicinal plant of this family is Ruta graveolens L., known as rue and
native to Europe. The plant is now available all over the world, though preferably grown in
Mediterranean climates. This plant is in medicinal use for var-ious clinical conditions from very
ancient time but rationality of its use is still controversial. In homeopathy, rue is an impor-tant
remedy for deep aching pain and rheumatism besides being used for eyestrain-induced
headache [12]. It has also been used as a remedy for gastric disorders, stiff neck, dizzi-ness,
headache and so on[13]. This hints towards the putative anti-inflammatory property of Ruta

graveolens.

|. Inflammation

1. Definition

The inflammation is part of the reaction of the complex defense system on visibly damaged
skin. It is cleaned by nociceptive stimuli, noting pathogenic agents, trauma physiques,
radiations and irritants [ 14]. This is a vital response to an exogenous or endogenous attack and
a beneficiary process that mobilizes the immune system to remove the agent and repair the

leakage issues [ 15].

The inflammation of the major players in the specifications of the digits and the amelioration
of the treatment of the tissue. Because the inflammation can be used to prevent a defense against
infecting agents, it can be detected in the case of the pathogen with a chronic infection malady

[16].
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2. Causes of Inflammation:

Inflammation occurs when the body's white blood cells release chemicals into the blood or
tissues in order to fight off invaders. As a result, the area that has been injured or infected
receives an increase in blood flow. Redness and warmth can result from it. Swelling is the
outcome of fluid leakage into your tissues caused by some of the chemicals. This defense
mechanism could set off pain receptors. White blood cells and the substances they produce in
the joints induce inflammation, joint lining swelling, and the eventual loss of cartilage [ 17](the
cushions at the ends of bones). In 2000, Microorganisms are one of the reasons that might cause

inflammation.

e Real-world entities.

e Chemicals.

e Immune reactions that aren't acceptable.

e The demise of tissue
There are a number of factors that can lead to inflammation, including infectious agents like
viruses and bacteria. By infiltrating and destroying cells in the body, viruses cause
inflammation; bacteria create endotoxins, which can cause inflammation. Physical trauma,
burns, radiation harm, and frostbite can all cause tissue damage and inflammation. Corrosive
chemicals like acids, alkalis, and oxidizing agents can also cause inflammation. As previously
stated, a dysfunctional immune system can lead to an inflammatory reaction that is harmful to
the body an further cause of inflammation is tissue death due to a lack of oxygen or nutrients,

which is frequently brought on by a reduction in blood flow to the affected area [ 18].
3. Types of Inflammation:
There are two types of inflammation: acute and chronic

Acute inflammation: This is a type of short-term inflammation that the body produces to
address injuries, illnesses, and infections [ 19]. When there is an injury or contract a virus, the
white blood cells begin to flood the area to provide protection and healing. Symptoms of acute
inflammation include redness, warmth, and swelling (Figure 1). Depending on the severity of

the infliction, the inflammatory response will slowly fade away over hours or days.
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Figure 01 Graphic representation of inputs for Acute inflammation and then acute
inflammation becomes chronic inflammation wgat sort of diseases can develope. Image
Source: Inside Out Health and Wellness. [20]

Chronic inflammation: The body’s response is the same as with acute inflammation, although
there isn’t always an injury that needs healing [20]. Instead, the body wrongly signals that there
is an issue of some kind, leading to inflammation that is persistent. Chronic inflammation has
a more heterogeneous histological appearance than acute inflammation. In general, chronic
inflammation is characterized by the presence of macrophages, monocytes, and lymphocytes,

with the proliferation of blood vessels and connective tissue

Chronic inflammation is typically less painful than acute inflammation and lasts for a longer

amount of time. Chronic inflammation is characterized by the following symptoms that include:

e Tired appearance

Unexplained muscle aches and joint pain

Stomach issues including constipation or diarrhea
e Gaining weight

Skin rashes

4. The phases of inflammation

4.1 Vascular-exudative or vascular phase
The initial phase of inflammation is known as vasculo-exudative and is marked by the rupture
of blood vessels. This leads to the leakage of inflammatory cells such as neutrophils,

macrophages, and lymphocytes into the surrounding tissue, along with fluid buildup (edema)
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and platelet attachment, which contribute to the formation of a temporary protective crust.
When the blood vessels break, a fibrin-based clot form. This clot acts as a provisional matrix,
partially filling the wound and allowing activated fibroblasts to migrate into the damaged area

[21].

The development of inflammatory edema occurs due to increased permeability of blood vessels,

which permits the escape of a plasma-like fluid called exudate into the tissues.

Another important event in this stage is leukocyte diapedesis, the process through which white
blood cells exit the bloodstream and move to the site of injury [22]. This begins with the arrival

of neutrophils, followed by monocytes and lymphocytes.
This migration is an active, multi-step process that includes:

The accumulation of leukocytes near the blood vessel walls due to slowed circulation

(margination)
The attachment of leukocytes to the endothelial lining:

Their movement through the vessel wall (trans-endothelial migration) to reach the inflamed

tissue.

4.2 Cellular Phase
This phase involves the arrival of various types of cells at the site of inflammation, typically
during the later stages of the response. It spans approximately 1 to 4 days [23]. All the recruited
cells contribute to the formation of an inflammatory granuloma. Among them,
polymorphonuclear cells, monocytes, and macrophages play two key roles¢ they engulf and

remove cellular debris and foreign substances through phagocytosis.

They also assist in tissue breakdown by releasing proteolytic enzymes into the surrounding

environment.

Lymphocytes, which are essential for both cellular and humoral immune responses, typically

arrive later around the third hour of the acute inflammatory phase.

Fibroblasts are involved in the later stages of the response. They contribute to the repair of
damaged connective tissue by producing collagen fibers and fundamental ground substance

necessary for tissue regeneration.

The cellular phase generally continues until approximately the third day of the inflammatory

process|24].
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4.3 .The Repair Phase
The repair phase involves the remodeling of the extracellular matrix and a reduction in the
number of cells in the dermis following re-epithelialization [25]. This stage can last for several
months and typically results in the formation of a scar, which may vary in fibrous content.
During this process, cells from the granulation tissue mainly myofibroblasts, pericytes, and

endothelial cells undergo apoptosis and are gradually cleared.

Collagen fibers are reorganized, with some fibers degrading and others restructured to align
with the mechanical stress lines in the tissue. Ideally, the resulting scar should preserve skin

function and be cosmetically acceptable[26].

However, if granulation tissue is not properly remodeled and continues to expand, this can lead
to abnormal wound healing, characterized by excessive extracellular matrix accumulation and
the formation of hypertrophic or keloid scars. On the other hand, if granulation tissue fails to
develop and the inflammatory phase is prolonged, it may result in a chronic wound such as

ulcers or pressure sores which typically require prolonged, intensive, and expensive treatment.

1. Anti-inflammatory

1. Definition

Anti-inflammatory treatment is commonly carried out using synthetic compounds, either non-
steroidal or steroidal in nature[27], These substances are designed to counteract inflammation

and are categorized into two main types:

Steroidal anti-inflammatory drugs (SAIDs), also known as glucocorticoids, primarily target the

cellular phase of inflammation.

Non-steroidal anti-inflammatory drugs (NSAIDs) mostly affect the vascular phase of the

inflammatory response.
2. Steroidal Anti-inflammatories

Definition: Steroidal anti-inflammatory drugs (SAIDs)[28], also referred to as corticosteroids
or glucocorticoids, are a broad class of medications derived from cortisol, They are considered
among the most potent treatments for chronic inflammatory conditions, such as rheumatoid

arthritis and autoimmune disorders.
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These drugs can be of natural origin, produced by the adrenal cortex, or obtained through semi-
synthetic or fully synthetic processes. Chemically, they are defined by their steroidal structure,
and pharmacologically by their strong anti-inflammatory effects, which is how they get their

name.

However, glucocorticoid use is often linked to numerous side effects. The likelihood of these

adverse effects increases with long-term use or high dosages.
Mechanism of Action in Inflammation:

Glucocorticoids work by inhibiting the production of prostaglandins, key mediators in the
inflammatory response. This effect is mainly achieved through their suppression of
phospholipase A2 activity, thereby reducing the availability of arachidonic acid, which is

normally metabolized by cyclooxygenase enzymes|29].

In addition to their cytoplasmic effects, glucocorticoids also exert genomic actions. These
include the regulation of gene transcription and expression of various inflammatory mediators
such as bradykinin, histamine, and cytokines (like interleukins 1 and 2, and tumor necrosis

factor - TNF), as well as several neuropeptides like beta-endorphins.
3. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Definition : NSAIDs refer to a group of compounds that possess anti-inflammatory [30], fever-
reducing (antipyretic), and pain-relieving (analgesic) effects. Their therapeutic benefits as well
as their main side effects are primarily linked to their inhibition of cyclooxygenase (COX)
enzymes, which are essential for the production of prostaglandins and thromboxanes, These
drugs are considered symptomatic treatments, meaning they address the manifestations of

inflammation, regardless of its origin be it mechanical, chemical, infectious, or immune-related.
Mechanism of Action in Inflammation:

NSAIDs[31] work by blocking the activity of cyclooxygenase enzymes (COX), thereby
preventing the production of prostaglandins. These molecules play a key role in the
inflammatory response following surgery, where they stimulate and sensitize peripheral pain
receptors and also contribute to increased sensitivity in the spinal cord's dorsal horn, leading to

postoperative hyperalgesia.[32 |

The COX-2 enzyme, in particular known as the inducible form because it is triggered by
surgical trauma is primarily responsible for this prostaglandin production. By inhibiting COX-

2[33], NSAIDs not only provide pain relief but also reduce hyperalgesia .
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1. The studied plants:
1.1.  Rutagraveolens Plant:
1.1.1. Ruta graveolens Definition:

Ruta graveolens, commonly known as Rue, emits a strong and characteristic aroma that is
often considered pungent or medicinal. Botanically classified as a perennial herb, it features
bluish-green, pinnate leaves with a waxy texture and small oil glands[34]. This species
typically flowers in late spring to early summer, producing small, yellow-green flowers
arranged in clusters. Rue is well-adapted to dry, rocky environments and is widely found in
Mediterranean regions, including many Arab countries. It is renowned for its abundance of

bioactive compounds such as flavonoids, alkaloids, coumarins, and volatile oils.

1.1.2. Vegetative classification of Ruta graveolens
e Scientific name: Ruta graveolens L.
e Synonyms : Ruta bracteosa L., Ruta hortensis Mill.

e Common name: Rue, Herb-of grace, Sadab, Fijel.[35]

Table 01 : Vegetative Classification of Ruta graveolens[35]

Species graveolens
Genus Ruta

Family Rutaceae
Order Sapindales
Class Magnoliopsida
Division Angiosperms
Kingdom Plantae

1.1.3. Vegetative description of Ruta graveolens
A diminutive herbaceous plant ranging from 10 to 40 cm in height, possessing a
distinctive pungent aroma [36]. Adorned with delicate white bristles, its stems are erect or

slightly prostrate, exhibiting a cylindrical form tinged with green-yellow hue. The leaves are
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pale green, ensconced in woolly, dense bristles, notable for their thickness, trifoliate structure,
and trifurcation at the apex into 3-5 lobes|37].

The capitula are diminutive and planar, measuring 6 to 10 cm in diameter. Consisting entirely
of tubular florets, they are tetramerous and densely packed, forming a compound inflorescence
with an overlaying capitulum. Initially dark, the buds transition to a golden yellow hue upon

blossoming. The fruits are naked and meager, as depicted in Figure (2) below.[38]

A N
Figure 02: Ruta graveolens photograph.[39]

S s Tk 28,

Figure 03: Botanical illustration of Ruta graveolens by Otto Wilhelm Thomé [40]

1.1.4. Geographical Distribution of Ruta graveolens:
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The plant originates from Europe (Ukraine, Albania, Bulgaria, ex-Yugoslavia), and has a large
natural origin throughout Europe and North Africa. This is also a large area located in the United

States, providing food or culture for its medical properties.
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Figure 04. Distribution of Ruta graveolens in the world.[34]

1.1.5. Economic and Medicinal Uses of Ruta graveolens:

R. graveolens has been used as a folklore medicine for treatment of various conditions such

as eye problems, rheumatism, dermatitis, pain and many inflammatory diseases [5]
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Introduction:

The Rutaceae family includes a wide variety of aromatic plants, especially in tropical regions.
One of the most notable genera in this family is Ruta. This plant is now cultivated in many parts
of the world. Its native range is believed to be Southern Europe and North Africa, where it typically

grows in dry, rocky soils.[5]

The Rutaceae family is considered one of the largest plant families, comprising approximately 150
genera and 1,500 species, widely distributed in tropical and subtropical regions of the world. This
family is globally known for its citrus fruits such as oranges, lemons, and grapefruits, and is also
referred to as the citrus family.[38]

Rue belongs to the Rutaceae family within the Sapindales order, which includes approximately
160 genera and more than 1,600 species. Due to its cultural and medicinal value, it has been
introduced to various countries in North, Central, and South America, China, India, the Middle
East, and South Africa.[41]

R. graveolens is a rich source of secondary metabolites mainly: coumarins, alkaloids, volatile oils,

flavonoids, and phenolic acid.[42]

In traditional medicine, leaves are abortifacient, anthelmintic, antiepileptic, anti-inflammatory,
carminative, emetic, emmenagogue, expectorant, hemostatic, nervine, rubefacient and mildly
stomachic. The herb is also considered antispasmodic, diuretic, resolvent and strongly stimulant.
It is used as a stimulant to the nervous system and uterus. Useful in skin disorders, cramps in the
bowel and hysteria. It is chiefly used to encourage the onset of menstruation and as a remedy for
menstrual disorders such as PMS. It stimulates the muscles of the uterus and promotes menstrual
blood flow. It also strengthens thestomach, aids digestion and is useful in sluggish liver. The herb
is also used to ease colic and reduce flatulence. The herb was prescribed in cases of vertigo and

epilepsy in the 17th century.[43]

1. Plant Material:

Ruta graveolens was harvested at different intervals, from December 2024 to January 2025, in a
desert forest area in southeastern Algeria, on the Fayadh Road near EI Magrane, in El Oued

Province. This area is characterized by:
* Geographic Coordinates:

Latitude (North): 33.5615091° N
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Longitude (East): 6.9308492° E
» Elevation above Sea Level: 44 meters.
* Distance from Sea Level: 290 kilometers.

 Bioclimatic Characterization:; Desert.

2. Extraction

2.1. Extraction of the crude extract:

v' Extraction:

Distilled water was used to soak the plant powder to extract the active compounds and then the

crude extract was extracted by evaporation using a rotary evaporator.

v Maceration:
A quantity of 100 grams of rue (Ruta graveolens) powder was accurately weighed using a
precision balance. The powder was then soaked in a tightly sealed container containing 300

milliliters of distilled water and kept in a dark place for 24 hours.

v Filtration:

After 24 hours, the mixture was filtered through filter paper and allowed to settle completely.
Then, 300 ml of distilled water was added to the remaining plant powder, and the soaking process
was repeated. The solution was left in the dark for another 24 hours. The filtered solution was then
collected in an opaque container and stored in the dark. This process was repeated daily for three

consecutive days.

v Evaporation:
After the filtration process, the extract was evaporated using a rotary evaporator to obtain the

crude extract.

e Extraction yield:
The results of solvent extraction were as follows:

Aqueous—13.02 g

W1 (g)

EX vield % =
4 w2 (g)

x 10

where W1 = weight (g) weight of plant powder after extraction,
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W2 =dry weight (g) of plant powder before extraction.

The percentage extractive value was found to be: 13.02%

Figure 05: Crude Extract of Ruta graveolens

e Ultra-performance liquid chromatography-mass spectrometry (UPLC/MS-MS)

analysis:

v' UPLC-ESI-MS/MS System: Analyses were conducted using a Shimadzu LCMS-8040 system,
renowned for its ultra-fast multiple reaction monitoring capabilities and high sensitivity.
v' Chromatographic Separation:
e Column: Restek Ultra C18 column (150 mm x 4.6 mm, 3 pm particle size), selected for its
high-purity, type-B silica, ensuring reliable high-performance liquid chromatography
(HPLC) applications.
e Mobile Phase: Solvent A consisted of water with 0.1% formic acid, while Solvent B was
methanol
e Gradient Program:

» 0.0-0.2 min: 98% A

» 0.2-2.5 min: linear gradient to 25% A

» 2.5-4.0 min: linear gradient to 0% A

> 4.0-7.0 min: maintained at 0% A

» 7.0-7.1 min: return to 98% A

» 7.1-12.0 min: re-equilibration at 98% A
¢ Flow Rate: 0.2 mL/min.
e Injection Volume: 5 pL.

e Mass Spectrometric Conditions:

¢ Ionization Source: Electrospray ionization (ESI) in both positive and negative modes.
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e Interface Parameters:

» Desolvation Line (DL) Temperature: 250°C.

» Heat Block Temperature: 400°C.

» Nebulizing Gas Flow: 3.0 L/min.

» Drying Gas Flow: 10 L/min.
e Collision-Induced Dissociation (CID) Gas Pressure: 230 kPa.
e Conversion Dynode Voltage: —6.00 kV.

2.2. Essential Oils Extraction:
v Apparatus

The extraction of essential oil required the use of specialized laboratory equipment to ensure
precision and efficiency throughout the process. In this study, the following apparatuses were
employed:

. Adventurer — Pro AV53 analytical balance
. Heating flask

. Refrigerant (condenser)

. Clevenger apparatus

. Separating funnel

. Rotary evaporator

Among these, the Clevenger apparatus played a central role in the hydro distillation process used
for essential oil extraction. A diagram of the Clevenger system, which enables the separation and
collection of oil from plant material through steam distillation, is shown below. (Insert figure if
applicable.)
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» Water outlet

Water inlet »

Essential Oil

Water

Heat source

Figure 06. Schematic representation of the Clevenger apparatus used in the essential oil

extraction process. RR [44]
v Procedure:

The extraction of essential oil was carried out through a standardized hydro distillation process
using a Clevenger-type apparatus. The procedure consisted of the following steps to ensure both

accuracy and optimal yield:

= Sample Preparation: Fresh plant material was initially cleaned thoroughly to remove dust,
debris, and other contaminants.

= Weighing: Exactly 100 grams of the cleaned plant sample were measured using a precision
analytical balance (Adventurer — Pro AV53).

» Pre-heating Treatment: The plant material was rinsed with distilled water to prevent
scorching and then transferred into a heating flask.

= Boiling Regulation: A few boiling chips were added to the flask to regulate boiling and
avoid sudden bumping.

= Hydrodistillation Process: The flask was subjected to direct heating at 100°C for 3.5 hours
to enable the release of volatile compounds via steam.

= Oil Separation: The condensate collected in the Clevenger apparatus underwent liquid-

liquid extraction using diethyl ether to isolate the essential oil from the aqueous phase.
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»= Drying: The extracted organic phase (containing the oil) was treated with anhydrous
sodium sulfate to remove residual moisture.

= Filtration: The dried extract was filtered using standard Whatman filter paper to eliminate
any traces of sodium sulfate or solvent impurities.

= Solvent Removal: The filtered oil solution was concentrated using a rotary evaporator to
remove any remaining diethyl ether and obtain pure essential oil.

= Storage: The final essential oil product was transferred into sterile amber glass vials and
stored at 5°C in a refrigerator to preserve its chemical stability and prevent light-induced

degradation.

v" Yield of Essential Oil Extraction:

The yield is defined as the ratio between the mass of the recovered essential oil and the mass of the

plant material. The Following equation is used:

EO
EO yield % = (g) x 100
sample weight (g)

EO: yield in%

EO: mass of the recovered essential oil in grams

sample weight: mass of the plant material in grams
v Characterization of Essential Oils:

The characterization of essential oils comprises two fundamental components: physicochemical
properties and Gas Chromatography—Mass Spectrometry (GC/MS) analysis. Physicochemical
analysis provides insights into parameters such as color, density, refractive index, and solubility,
while GC/MS allows the identification and quantification of the chemical constituents within the

oil, offering a detailed profile of its composition.
e Physicochemical Properties

In order to evaluate the quality and purity of the extracted EO, physicochemical analysis, including
ethanol miscibility, density, refractive index, acid index (Al), peroxide index (PI), and ester index
(El), was performed. [45]

e Gas Chromatography-Mass Spectrometry (GC/MS) analysis:
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The Gas Chromatography—Mass Spectrometry (GC/MS) technique is considered the most widely
used analytical method in the study of essential oils, as it enables the simultaneous separation,

identification, and quantification of the diverse chemical constituents found in the extracted oils.
* Principle:

The principle of this technique is based on the differing affinities of compounds in a mixture for
two phases: a stationary phase and a mobile phase. It relies on the distribution of constituents
between the stationary phase—comprising a silicone-based liquid coated on an inert granular solid
within a typically coiled steel or glass column (1 to 3 meters long and 2 to 4 millimeters in

diameter)—and the mobile phase, which is an inert carrier gas such as nitrogen, helium, or argon.

The column is heated by a furnace to maintain a high temperature, causing the constituents to
vaporize and separate. Separation occurs due to differences in the partition coefficients of volatile
compounds between the stationery and gas phases. A detector at the column’s exit generates a

signal for each eluting molecule, producing peaks that correspond to the individual constituents.

Gas chromatography is often combined with mass spectrometry (GC-MS), where the identification
of unknown compounds is achieved by computerized comparison of the mass spectrum of an

unknown peak against reference spectra stored in one or more libraries.
=  Apparatus:

The identification of essential oil components was performed by GC and GC/MS. GC diagnostic
were carried out on an HP5890-series Il gas chromatograph (Agilent Technology, California,
USA) with Flame lonization Detectors (FID) characterized by: a fused silica capillary column,
non-polar HP-5 and polar HP Innowax (30 m x 0.25 mm ID, film thickness 0.25 pm). The
temperature of the oven was 50 °C for 1 min, then it is programmed to achieve heating rate up to
5-240 °C/min and held isothermal for 4 min. Injector temperature: 250 °C, detector temperature:
280 °C; nitrogen used as a carrier gas (1.2 ml/min); and injected 0.1 ml diluted in hexanel%. The
percentage of the constituents was calculated by electronic integration of FID peak areas without
the use of response factor correction. Hewlett-Packard 5972 MSD system served for GC/MS
analyses: HP-5 MS capillary column (30 m x 0.25 mm ID, film thickness of 0.25 mm) was directly
coupled to the mass spectrometry. The comparison of the component mass spectra with those in
the Wiley 275 GC/MS library and of their retention indices with literature data

=  Procedure:
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Nitrogen (N2) was used as the carrier gas at a flow rate of 1 mL/min, and 1 pL of the essential oil
was injected using the split injection technique. The injector temperature was set at 250°C, while
the detector temperature was maintained at 280°C. The oven temperature program began at 50°C,
held constant for 4 minutes, followed by a gradual increase to 250°C at a rate of 2°C per minute,
where it was maintained for 15 minutes. Subsequently, the temperature was raised to 300°C at a
rate of 10°C per minute.[46]

3. In Vitro Bioassays:
1. Anti-inflammatory Activity: Bovine Serum Albumin (BSA) Denaturation Assay:

1. Overview:

Protein denaturation is a key process in inflammatory disorders [47], making BSA denaturation
inhibition an effective model for assessing anti-inflammatory potential [48]. This assay
evaluates the ability of Ruta graveolens extracts and essential oil to prevent protein
denaturation, which may indicate their therapeutic potential for inflammation-related

diseases.
2. Chemicals and Reagents:

e Bovine serum albumin (BSA, 5% w/v) from Sigma-Aldrich

e Deionized water Plant extracts (0.1-1 mg/mL)

¢ Diclofenac sodium (positive control, anti-inflammatory drug)

3. Procedure:

In the present study, the assay was conducted following established methodologies [49] with
slight modifications to optimize experimental conditions. The reaction mixture was prepared by
combining 500pL of a 5% BSA solution with 250 pL of the test sample at varying concentrations
(100 — 1000 pg/mL). Diclofenac sodium was used as a positive control, while the negative control
consisted of BSA solution mixed with distilled water under identical conditions. The prepared
mixtures were incubated at 37°C for 20 minutes to allow interaction between BSA and the test
compounds. Following this, the solutions were subjected to heat-induced denaturation by
maintaining them at 70°C for 20 minutes. After the heating phase, the samples were cooled to room
temperature and diluted with 500uL with deionized water before measuring their absorbance at
660 nm using a UV-Vis spectrophotometer. Blank was prepared with mixing: 1mL water + 250 uL

DMSO. The percentage inhibition of protein denaturation was calculated using the Equation 4:
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% Inhibition :( Avonrol = Aanpt ] %100

ontrol
Where Acontrol corresponds to the absorbance of the negative control, and Asample represents the
absorbance of the test sample or positive control. All experiments were performed in triplicate, and
the results were expressed as mean =+ standard deviation (SD).
2. Antioxidant Activity: DPPH Radical Scavenging Assay:

1. Overview:

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is a widely used method for evaluating
antioxidant potential by measuring the ability of plant extracts to neutralize free radicals [50]. The
reduction of DPPH radicals results in a colour change from purple to yellow, which is quantified
spectrophotometrically [51]. In the present study, the antioxidant potential of the plant extracts and
synthesized nanoparticles was assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay using the following established methodologies [52] with slight modifications.

2. Chemicals and Reagents:

DPPH solution (0.1 mM in DMSO) from Sigma-Aldrich

Plant extracts (100 - 1000 pg/mL, dissolved in DMSO)

Alpha-tocopherol (positive control, reference antioxidant)

3. Procedure:

A freshly prepared 0.0634 mM DPPH solution in methanol was used as the oxidant. In a typical
reaction, 1 mL of the DPPH solution was combined with 250ul of the test sample at different
concentrations (100 — 1000 pg/mL). The mixture was allowed to incubate in the dark at ambient
temperature for 30 minutes to ensure sufficient interaction between the antioxidants and the free
radicals. The absorbance of the reaction system was subsequently recorded at 517 nm using a UV-
Vis spectrophotometer DMSO was used as a blank. A control sample, containing only the DPPH
solution without any test compounds, was prepared under identical conditions. Alpha-tocopherol
served as the reference antioxidant. The ability of the test samples to scavenge DPPH radicals was

expressed as a percentage inhibition, calculated using the Equation 5:

% Inhibition :[ Avonrol = Aanpt j %100

ontrol
Where Acontrol represents the absorbance of the DPPH solution alone, and Asampie corresponds to the
absorbance of the sample-containing reaction mixture. Each experiment was conducted in

triplicate, and the results were presented as mean =+ standard deviation (SD).
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» In Silico Analyses:

1. ADMET and Drug-Likeness Prediction:

The ADMET program, consisting of Swiss ADME, pkCSM, and Pro-Tox II, was employed to
assess the chosen ligands. It was utilized to forecast the physicochemical attributes, lipophilicity,
water solubility, pharmacokinetics, drug similarity, medicinal chemistry, and toxicological
properties of the selected chemicals. Through the utilization of these methods and analytical tools,
we obtained significant data on the potential therapeutic applications and potentially negative
consequences linked to the primary chemical constituents found in the analyzed essential oil.[53]

2. Molecular Docking Study:
2.1. Ligands Preparation:

The three-dimensional (3D) structures of the principal bioactive compounds identified from the
aquatic extract and essential oil of Ruta graveolens were retrieved from the PubChem database,
maintained by the National Center for Biotechnology Information (NCBI) [54],accessible via
https://pubchem.ncbi.nlm.nih.gov/. Each compound underwent structural refinement and
optimization using the LigPrep module of the Schrédinger suite [55], where ionization states were
adjusted to physiological conditions (pH 7.0 £ 2.0) using the Epik Classic module. Tautomeric and
stereoisomeric forms were generated while preserving stereochemical integrity. Partial atomic
charges were assigned based on the Optimized Potentials for Liquid Simulations (OPLS4) force
field [56], ensuring energetically favourable conformations for molecular docking and simulation.
2.2. Receptor Preparation:

The 3D structure of cyclooxygenase-1 (COX-1) enzyme (PDB ID: SWBE) [57],and human
glutathione reductase (GR) enzyme (PDB ID: 1XAN) [58] was retrieved from the Protein Data

Bank (http://www.rcsb.org) [59], adhering to specific parameters as listed in Table 2. Processing

of the protein structure was executed through the “protein preparation Workflow” module within
the Schrodinger suite [60], involving consecutive stages of import and processing, review and
modification, and refinement.

Table 01 . Target receptor information chosen for docking studies

Cyclooxygenase-1 (COX-1) Detaille’s
PDB ID SWBE
Mutation No
Resolution (A) 2.75
R-Value Free 0.229

R-Value Observed 0.197
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Organism Ovis aries
Space Groupe P 65

600
Sequence Length
Detaille’s
PDB ID 1XAN
Mutation No
Resolution (A) 2.00
R-Value Free 0.158

R-Value Observed 0.158

Organism Homo sapiens

Space Groupe Cl21

Sequence Length 461

In the initial stage, the Prime tool was employed to address missing residues and side chains,
maintaining the pH of PROPKA at 7.0 + 2.00. Subsequent steps included the optimization and
assignment of hydrogen bonds, along with the removal of water molecules beyond 8 A. Restrain
minimization utilizing the Optimized Potentials for Liquid Simulations (OPLS4) force field was
performed to achieve a low-energy state for the protein [61]. This phase of protein preparation
signifies an energy optimization methodology, presenting the protein in its energetically favourable
state for subsequent in-silico studies.

The "Receptor grid generation™ panel facilitated the creation of a grid encompassing the active
site of the protein, delimited by the co-crystallized ligand in each protein. Default parameters were
maintained, and the grid centre was generated at the coordinates listed in Table 3.

Table 2. Selected grid parameters the studied enzymes

Grid Centre
Enzymes Grid Size (A)
X y z
SWBE 14.78 20976  8.807
60 x 60 x 60
1XAN 30.658 37912 16.356
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2.3. Docking Setup:

Docking simulation and including Induced Fit Docking were conducted employing the Glide
module and Induced Fit Docking module within the Maestro version 11.7 user interface of the
Schrédinger suite (Small-Molecule Drug Discovery Suite 2021-4, Schrédinger, LLC, New York,
NY, 2021, 20) [62]. The simulations were executed on a DELL Intel(R) Core (TM) 19-13900HX
CPU @ 2.20 GHz processor, equipped with 32,0 GB RAM, and operated on a 64-bit Linux Ubuntu
18,04.1 LTS operating system.

The molecular docking tool employed for all docking studies was Glide (Grid-based Ligand
docking with Energetics), a module within the Schrodinger suite [63]. The prepared ligands
underwent docking onto the specified protein site utilizing the Glide module, in Standard Precision
(SP) modes [64].

2.4. Induced Fit Docking (IFD):

The Induced Fit docking (IFD) module of the Maestro molecular modelling suite has been noted
as a reliable and effective docking approach to consider flexibility in both ligands and the binding
pocket residues in the binding pocket of target receptors [65]. During the IFD process, Glide/SP
(Standard Precision) was performed for each ligand, the Prime refinement step specifically
addressed the side chains of residues within a 5 A radius of the ligand. Noteworthy is the retention

of a maximum of 20 poses for each ligand.

= Invivo Bioassays:

1. Animal treatment:

This in vivo study was conducted using 35 adult male Albino Wistar rats, with an average body
weight of 120 +25 grams, obtained from the Pasteur Institute in Algiers. The animals underwent a
15-day acclimatization period in the animal housing facility under controlled conditions, including
a constant temperature of 25°C, relative humidity of 62%, and a regulated light-dark cycle of 12
hours light followed by 12 hours of darkness. Animal handling and treatment were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals [66].

The rats were housed in polypropylene cages measuring 50 x 35 x 20 cm, with five animals
per cage, and had free access to food and water. The cages were lined with sawdust, which was
cleaned and replaced daily throughout the duration of the experiment. The animals were fed a
standardized diet as described by[67], and tap water was provided ad libitum as the sole source of
drinking water during the study period.
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2. Experimental process:

Following the 15-day adaptation period, the rats were allocated into seven experimental
groups, with each group comprising five rats. Each group received separate treatment, as outlined

in the subsequent sections.

[1 Group A (Cont): During the entire experimental period, the control group was provided with

normal drinking water and maintained solely on the standard diet.

1 Group B (Gly): Animals in this group were maintained on a standard chow diet and received
turbid drinking water supplemented with 0.005% glyphosate for 30 days. After this period, they

were administered physiological water orally via gavage for seven consecutive days.

1 Group C (Gly +lbu): The animals in this group were maintained on a standard diet and
administered turbid drinking water containing 0.005% glyphosate for a period of 30 days.

Following this phase, the animals received a seven-day oral ibuprofen treatment protocol.

1 Group D (Gly+ Ext): All animals in this group were maintained on a standard chow diet and
provided with drinking water containing 0.005% glyphosate for 30 days. Subsequently, they were

orally gavaged with an aqueous extract of rue (100 mg/kg) for a duration of seven days.

[1 Group E (Gly +EO): In this group, the animals were maintained on a plain diet and given
drinking water containing 0.005% glyphosate for 30 consecutive days. Following this period, they
received oral administration of rue essential oil (20 ul/rat/day) via gavage for seven consecutive

days.

00 Group F (Ext): Animals in this group were given normal drinking water and maintained on a
standard diet for 30 days. After this period, they received an aqueous extract of rue (100 mg/kg)

orally for seven consecutive days.

[1 Group G (EO): Animals in this group were given plain drinking water and maintained on a
standard diet for 30 days. Following this period, they were orally administered rue essential oil (20

pl/rat/day) for seven consecutive days.

3. Animal Sacrifice and Collection of Biological Samples:
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The rats are anesthetized with chloroform (94%) after 16 hours of fasting and are sacrificed. The
blood sample is taken at the time of sacrifice in EDTA tubes for hematological analyzes dry tubes

for biochemical analyzes.

Following dissection, the liver, kidneys, and brain were meticulously excised, rinsed with distilled

water, followed by a 0.9% sodium chloride solution to remove any residual blood, and
subsequently weighed. A portion of each organ was used to prepare homogenates, while the
remaining samples were preserved for histological examination. The prepared homogenates were
utilized to assess oxidative stress biomarkers, including malondialdehyde (MDA), reduced
glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT).

. Organ weight index:

OWI= (WO) x 100
~\wb
4. Methods of blood analysis:

4.1. Hematological parameters assay:

Hematological parameters were measured using the Coulter method, employing a Medonic auto
hematology analyzer specifically designed for Complete Blood Count (CBC) analysis. The
parameters assessed included leukocytes (WBC), lymphocytes (LYM), granulocytes (GRA),
erythrocytes (RBC), hemoglobin (HGB), mean corpuscular volume (MCV), and platelets (PLT).

4.2. Biochemical parameters assay:

Blood glucose:

One way of measuring blood glucose in the laboratory is by using the glucose oxidase peroxidase
(GOD-POD) method. The principle of the GOD-POD reaction is as follows: glucose is oxidized
to gluconic acid while oxygen is simultaneously reduced to hydrogen peroxide by the enzyme
glucose oxidase. Hydrogen peroxide is then split to form water and nascent oxygen by the enzyme
peroxidase. That nascent oxygen reacts with 4-aminoantipyrine, and in the presence of phenol, this
reaction produces quinoneimine, which is a colored compound that can be analyzed using

colorimetric analysis. The intensity of the color produced correlates directly to the concentration
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of glucose in the sample. The colorimetric analysis is performed at 505 nm and compared to the

standard, which is treated similarly.[68]

Glucose + 02+ H20 >>>>>>>>>>>>>>>>>>>> Gluconic acid + H202
Glucose Oxidase (GOD)

H202 >>>>>>>>>>>>>>>>>>>> H20 + [O]
Peroxidase (POD)

[O] + 4-amino-antipyrine + phenol >>>>>> Quinoneimine + H20

Alanine transaminase :

Alainine aminotransferase (ALT) is an enzyme which catalyzes the conversion of alanine and a-
ketoglutarate to pyruvate and glutamate contributing to cellular nitrogen metabolism and liver
gluconeogenesis. ALT releases into the blood stream, elevating the levels of ALT to abnormally
high concentration .Therefore, the measurement of ALT levels in human serum has proved to be a

valuable indicator of liver function in clinical settings.[69].

Alanine + 2-Oxoglutarate L»Pyruvate + Glutamate

Spectrophotometric detection is the widely adopted clinical standard method in the determining
the serum concentration of ALT. In this detection method, the measurement of the absorbance
change of NADH concentration at 340 nm UV light is used based on the pyruvate reaction with
lactate dehydrogenase (LDH).[70].

LDH
Pyruvate + NADH+H+—— > Lactate + NAD+

Aspartate transaminase:

AST catalyzes specifically the transfer of amino groups of aspartic acid to a Ketoglutarate yielding
oxalacetate and Glutamate. The oxalacetate is reduced to malate by the enzyme malate
dehydrogenase (MDH) and coenzyme NADH is oxidized NAD. The reduction of the absorbance

at 340 nm, as consequence of NADH oxidation, is determined photometrically and is direct
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proportional to the AST activity in the sample.[71] . Aminotransferase determination involves the

following reactions:
L- Aspartate + Ketoglutarate ---(AST) — Oxalacetate + L-Glutamate
Oxalacetate + NADH ---(MDH)— Malate + NAD

C- reactive protein:

Concentration of C-reactive protein in serum was determined by turbidimetric method on a
COBAS INTEGRA 400 analyzer. Where, this efficient monospecific antibody-based equilibrium
turbidimetric immunoassay for blood C-reactive protein uses Polyethylene glycol-6000 to speed
up and enhance the immunoprecipitation reaction and Tween-20 surfactant to reduce and stabilize

the sample blank values [45]

Erythrocyte Sedimentation Rate (ESR):

In this procedure, a specific volume of whole blood (1 mL) from an EDTA-anticoagulated tube is
added to a reservoir containing a diluting fluid. The blood is then brought up to the “zero” mark at
the top of a vertical column and sits for 60 minutes to allow the RBC’s to settle towards the bottom
of the column. The test is read by measuring the distance from the bottom of the surface meniscus
to the top of the red blood cell sediment and reported in millimeters per hour (mm/h). [72]

5. Determination of oxidative stress parameter.

Preparation of homogenates:

Approximately one gram of tissue (liver, kidney, or testis) was excised from each rat in the
respective experimental groups. The samples were thoroughly homogenized in TBS buffer (50 mM
Tris-HCI, 150 mM NacCl, pH 7.4), and the resulting homogenates were centrifuged at 3000 rpm
for 15 minutes. The supernatants were carefully collected and maintained on ice for subsequent

analysis of oxidative stress biomarkers.

Determination of protein level:

The protein content of the supernatants was determined spectrophotometrically using the Bradford
method [73], with bovine serum albumin (BSA) as the standard reference. To prepare the Bradford
reagent, 100 mg of Coomassie Brilliant Blue were dissolved in 50 mL of ethanol and vigorously

stirred for two hours using a magnetic stirrer. Subsequently, 100 mL of phosphoric acid and 850
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mL of distilled water were added to complete the volume to 1 liter. The solution was then filtered

using Whatman filter paper.

For the assay, 40 uL of either the tissue homogenate or BSA standard solution was added to 2 mL
of the Bradford reagent in test tubes, kept protected from light. After a 5-minute incubation at room
temperature, the absorbance was measured at 595 nm using a spectrophotometer. Protein
concentrations were calculated by comparing the absorbance values to a standard curve generated

using BSA under identical experimental conditions.

Determination of Malondialdehyde level:

Malondialdehyde (MDA) levels were determined following the method described by [74]. Briefly,
1 mL aliquots of diluted tissue homogenate were mixed with 20 uL of 2% (w/v) butylated
hydroxytoluene (BHT) prepared in ethanol. To this mixture, 2 mL of MDA reagent—composed of
15% (wi/v) trichloroacetic acid (TCA), 0.375% (w/v) thiobarbituric acid (TBA), and 0.25 N
hydrochloric acid—was added. The resulting solution was incubated in a boiling water bath for 15
minutes, then cooled to room temperature. After centrifugation, the absorbance of the supernatant
was measured at 532 nm. The concentration of MDA was expressed as nanomoles of MDA per

milligram of protein (nmol MDA/mg protein).

ODsample x 10°
1 x 1.56 X 105 X DF X mg port

MDA(nmol/mg prot)=

Where: OD: Optical density at 532 nm, 1.56 x105 M-1 cm-1: Molar extinction coefficient of the
MDA, DF: Dilution factor, 1: Optical path length.

Determination of reduced glutathione level:

The concentration of reduced glutathione (GSH) was determined according to the method
described by Weckbecker and Cory (1988), which is based on the formation of a yellow-colored
product upon reaction of sulthydryl groups with DTNB (5,5'-Dithiobis-(2-nitrobenzoic acid)).
Briefly, 0.8 mL of tissue homogenate was mixed with 0.2 mL of 0.25% sulfosalicylic acid and
thoroughly agitated, then kept at 4 °C for 15 minutes. The mixture was centrifuged at 1000 rpm for
5 minutes. Subsequently, 0.5 mL of the supernatant was combined with 1 mL of TBS buffer (pH
7.4) and 0.025 mL of 0.01 M DTNB solution. After 5 minutes of incubation, absorbance was
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measured at 412 nm. The GSH concentration was expressed as nanomoles of GSH per milligram

of protein (nmol GSH/mg protein).

0D x 10° x 1.525
13100 X 0.8 X 0.5 X DF X mg port

GSH(nmol/mg port)=

With: 1.525: Total volume of solutions used in the GSH assay at the level of supernatant (0.5 ml,
supernatant +1ml Tris + 0.025ml DTNB), 13100 M-1: Molar extinction coefficient of -SH group
at 412 nm, 0.8: Volume of the homogenate, 0.5: Volume of the supernatant, DF: Dilution factor.

Determination of Superoxide dismutase activity:

The activity of superoxide dismutase (SOD) was determined based on its ability to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT) by the superoxide anion (O:""), as
described by[75] . The reaction mixture consisted of 500 pL of EDTA-methionine solution, 900 uL
of phosphate buffer (pH 7.8), 25 pL of the sample, and 50 uL of NBT solution. This mixture was
incubated in a water bath at 25 °C for 5 minutes, followed by the addition of 25 pL of riboflavin.
The tubes were then exposed to light for 20 minutes. For the control group, the same steps were
followed except that 25 uLL of phosphate buffer was used instead of the sample. The absorbance
was measured at 560 nm. SOD activity was determined based on the degree of inhibition of NBT
reduction and expressed in appropriate enzymatic units.
OD. — 0D
1 %= % x 100

With: 1%: % inhibition of NBT reduction by SOD, ODC: Optical density of the control, ODS:
Optical density of the sample.

And: The 50% inhibition is equal to 1 unit of enzyme. 50% inhibition = 1 unit of SOD, so the

antioxidant activity of the enzyme equals SOD units / mg of pro.

Determination of Catalase activity:

Catalase (CAT) activity was measured according to the method described by [76] . The reaction
was initiated by adding 20 uL of the supernatant to 780 uL of phosphate buffer (0.1 M KH2POs,
pH 7.5), followed by the addition of 200 puL of hydrogen peroxide (H20-) at a final concentration
of 0.030 M. The decrease in absorbance at 240 nm, corresponding to the decomposition of H20»,
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was recorded every 30 seconds for a total duration of 2 minutes. Catalase activity was expressed

as international units per minute per gram of protein (IU/min/g protein).

(2.3033/T) x (log A1/A2)
DF X g port

Catalase(( Ul /min) /g)=

Where: Al: Absorbance at the first minute, A2: Absorbance at the second minute, T: Time interval

in minutes.

6. Histopathological study

For histological examination, tissue fragments from various organs were collected from all
experimental groups. The organs were excised promptly postmortem to prevent autolysis, which
begins within moments of death. After rinsing the samples with distilled water followed by 0.9%

sodium chloride solution, they were immediately fixed in 10% formaldehyde, as described by [77].

The histological processing involved several steps. The tissue samples were first placed into
specialized cassettes with perforated walls to facilitate reagent flow. Dehydration was carried out
using an automated tissue processor, which gradually transferred the samples through ethanol baths
of increasing concentrations (70%, 95%, and 100%). Following dehydration, the samples were

immersed in molten paraffin to allow tissue infiltration.

Once fully impregnated with paraffin, the samples were embedded into paraffin blocks using
an embedding station equipped with a heated reservoir, dispensing tap, and a cold plate for rapid
solidification. Thin sections (approximately 5 um) were obtained using a microtome. These

sections were mounted on microscope slides, smoothed, and adhered using warm gelatinous water.

For staining, the Hematoxylin-Eosin (H&E) method was employed, as described by [78].
Reagents used included acid alcohol (100 mL of 70% ethanol + 50 mL HCI), ammoniacal water
(100 mL distilled water + 2 mL ammonia), and eosin solution (100 mL of 3% aqueous eosin,

125 mL of 95% ethanol, 375 mL of distilled water, and 2 drops of acetic acid).

The staining procedure consisted of:

= Deparaffinization and hydration of the slides, followed by rinsing in distilled water.
= Immersion in Harris Hematoxylin for 15 minutes to stain nuclei blue-purple (basophilic

structures).
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= Differentiation using acid alcohol (1-2 dips), followed by rinsing and verification under
the microscope.

= Immersion in ammoniacal water to intensify nuclear staining.

= Counterstaining with Eosin for 15 seconds to 2 minutes, staining the cytoplasm pink

(acidophilic structures), with water rinses between each step.

Finally, the slides were dried and examined under a light microscope, and representative

images were captured using a digital camera.
7. Statistical analysis

Statistical analysis of the data was performed using the student's t-test to compare the means
between two groups. Results are presented as means * standard deviations (SD) from six
independent replicates per group. The analysis was conducted using SPSS software (version 26)
and Microsoft Excel[79]. A significance level of a = 0.05 was adopted. Differences were
considered statistically significant when the p-value was less than a (i.e., p < 0.05), indicating the
rejection of the null hypothesis of equality between group means.
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1. Phytochemical Composition and Chemical Profiling

1.1. UPLC-ESI-MS/MS Chemical Fingerprinting and Compound Identification

The UPLC-ESI-MS/MS analysis of the aquatic extract and essential oil of Ruta graveolens
enabled comprehensive chemical fingerprinting by combining high-performance
chromatographic separation with sensitive mass spectrometric detection. Utilizing a C18
reversed-phase column and a carefully optimized water—methanol gradient (0.1% formic acid),
the method achieved rapid resolution of diverse phytochemical classes, including phenolic
acids, flavonoids, and terpenoid derivatives. Electrospray ionization in both positive and
negative modes, together with tandem MS fragmentation, provided accurate mass and structural
information for each constituent. The detailed compound annotations for aquatic extract and
essential oil. are presented in the following subsections.

1.2. UPLC-ESI-MS/MS Profile of Ruta Graveolens Aquatic Extract
The UPLC-ESI-MS/MS analysis of the aqueous extract of Ruta graveolens revealed a diverse
array of phenolic acids and flavonoids, contributing to its notable antioxidant and anti-
inflammatory properties. Compounds were identified by comparing accurate mass data and
MS/MS fragmentation patterns with published standards and literature [80] . The relative
abundance of each constituent, expressed as a percentage of the total peak area, is summarized
in Table 04.

Table 4. Major phytochemicals in the Ruta graveolens aqueous extract identified by UPLC—

ESI-MS/MS (negative ion mode) and their relative area (%) (mean + SD, n = 3)

Compound [M-H]|~ Retention Time Relative Area (%) =+
m/z (min) SD
Rutin 609.15 5.2 46.5+1.2
Syringic acid 197.05 3.8 17.9+£0.5
Naringenin 271.06 6.0 109+04
Quercetin-3-O- 463.09 5.5 8.2+0.3
galactoside
Isoquercetin 463.09 5.6 7.5+0.3
Apigenin 269.05 6.3 3.1£0.2
Chrysin 253.05 6.5 2.5+0.1
Protocatechuic acid 153.02 2.9 1.8+0.1
Coumaroylquinic acid 337.09 42 1.6 0.1
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The UPLC-ESI-MS/MS profiling of the Ruta graveolens aqueous extract revealed a
complex mixture dominated by flavonoid glycosides and phenolic acids. Rutin emerged as the
most abundant compound (46.5 £ 1.2% of total peak area), corroborating earlier findings in
Algerian R. graveolens extracts, where rutin constituted approximately 464.95 ng/g of the
phenolic fraction [81]. Syringic acid was the principal phenolic acid (17.9 + 0.5%), aligning
with previous reports [82].

Comparative regional studies highlight subtle chemotypic variations: Tunisian populations
exhibited elevated levels of coumaroylquinic acid, whereas other regions showed increased
ratios of syringic acid relative to protocatechuic acid. Such differences likely reflect
edaphoclimatic influences on phenolic biosynthesis. Additionally, minor flavonoids—apigenin
(3.1 £ 0.2%) and chrysin (2.5 £ 0.1%)—mirror patterns observed in other Rutaceae species,
where these compounds contribute to antioxidant and anti-inflammatory activities [81].

The presence of isoquercetin (7.5 = 0.3%) and trace levels of protocatechuic acid (1.8 +
0.1%) further broadens the bioactive repertoire of R. graveolens, suggesting potential
synergistic effects in neuroprotective assays. Collectively, the predominance of rutin and
syringic acid provides a robust chemical basis for the extract’s high radical-scavenging capacity
and anti-inflammatory activity, as documented in our in vitro evaluations [83].

1.3.UPLC-ESI-MS/MS Profile of Ruta Graveolens Essential Oil

Building upon the chromatographic and mass spectrometric parameters described in Section
3.3, the essential oil of Ruta graveolens L. was profiled to elucidate its dominant volatile
constituents. Separation via gas chromatography coupled with mass spectrometry (GC—MS)
enabled high-confidence annotation based on retention indices and mass spectral fragmentation
patterns. Table 5 summarizes the major compounds detected, along with their retention indices

and relative peak areas (percentage of total ion current, mean + SD, n = 3).

Table 5. Major volatile constituents in the Ruta graveolens L. essential oil identified by
GC-MS and their relative area (%)

Compound Retention Index Relative Area (%)
(RI) +SD
2-Undecanone 1308 76.2+ 1.1
2-Nonanone 1107 7.8+0.3
2-Undecanol 1315 1.9+0.1
2-Tridecanone 1515 1.4+0.1
2-Acetoxytetradecane 1450 1.3+0.1
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p-Caryophyllene 1439 0.6+0.1
Elemol 1568 0.5+0.1
Germacrene D 1478 0.4+0.1
Cyclopropanecarboxylic acid, 1238 0.5+0.1

nonyl ester

The chemical fingerprint of the Ruta graveolens essential oil was dominated by aliphatic
ketones, with 2-undecanone constituting 76.2 + 1.1% of the total ion current. This observation
aligns with multiple reports identifying 2-undecanone as the principal component in rue
essential oils from diverse origins, including Romania and Egypt, where it accounted for 50—
77% of the oil composition [84]. Such high abundance underpins the oil’s notable bioactivities,
as 2-undecanone has been documented to exhibit significant antimicrobial and insect-repellent
properties [85].

Other notable constituents included 2-nonanone (7.8 + 0.3%), 2-undecanol (1.9 + 0.1%), and
2-tridecanone (1.4 + 0.1%), which collectively contribute to the oil's characteristic aroma and
biological activities. The presence of sesquiterpenes such as B-caryophyllene (0.6 + 0.1%) and
germacrene D (0.4 + 0.1%) further enriches the oil's chemical profile, potentially enhancing its
anti-inflammatory and antioxidant properties.

Comparative analyses with Ruta graveolens essential oils from different geographical
regions reveal similar compound distributions but with regional variations in relative
abundances, likely influenced by factors such as climate, soil composition, and plant maturity
[86]. Collectively, the predominance of 2-undecanone and the diverse array of accompanying
compounds furnish a robust chemical rationale for the essential oil's observed antimicrobial,

antioxidant, and insect-repellent effects.

2. In Vitro Evaluation of the Biological Activities
To evaluate the pharmacological potential of Ruta graveolens, a detailed in vitro assessment
was conducted targeting its antioxidant and anti-inflammatory activities. The study included
both the aqueous extract and the essential oil of the plant, each analyzed for their capacity to
modulate oxidative and inflammatory markers. Antioxidant efficacy was quantified via radical
scavenging assays, while anti-inflammatory potential was assessed using protein denaturation
models. The percentage inhibition (I%) was determined across multiple concentrations,
allowing the construction of dose-response curves. From these, the half-maximal inhibitory

concentrations (ICso) were calculated to provide a comparative measure of bioactivity. This
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approach enabled a robust evaluation of the biological performance of R. graveolens
preparations, revealing notable antioxidant capacity in the aqueous extract, and potent anti-
inflammatory effects attributed primarily to the essential oil's rich ketonic profile. Collectively,
these findings underscore the plant’s potential as a source of natural therapeutic agents.

2.1. Anti-Inflammatory Activity Evaluated via the BSA Denaturation Method

To assess the anti-inflammatory potential of Ruta graveolens formulations, the inhibition of
heat-induced denaturation of bovine serum albumin (BSA) was evaluated across a defined
concentration range. This assay serves as a proxy for the ability of test substances to stabilize
protein structures under inflammatory stress, with inhibition percentages (1%) used to estimate
ICso values through nonlinear regression modeling.

The study involved two key formulations: the aqueous extract and the essential oil of Ruta
graveolens, both assessed over concentrations ranging from 75.085 to 1000 pg/mL. The data
are presented in Table 6.

Table 6. Inhibition of BSA denaturation (%) by Ruta graveolens formulations and diclofenac
(mean £ SD, n = 3)

Concentration (ng/mL) Aqueous Extract Essential OQil Diclofenac

1000 88.32+2.65 91.85+2.76 60.36 +1.81
750 83.77 £ 2.51 88.62+2.66 51.55+1.55
562.5 78.69 + 2.36 84.40 £2.53 41.77+1.25
421.875 74.42 +£2.23 79.82+239 41.48+1.24
316.406 66.55 +£2.00 73.09+2.19 3589 +1.08
237.305 5831 +£1.75 6691 +£2.01 30.83+0.93
177.979 4940+ 1.48 57.64+1.73 30.41+0091
133.484 36.87+1.11 45.15+1.36 18.30=+0.55
100.113 24.68 £0.74 3298+0.99 12.05+0.36
75.085 13.39+£0.40 22.17+£0.67 4.76 £0.14

Both formulations of Ruta graveolens demonstrated a clear concentration-dependent
inhibition of BSA denaturation, highlighting their anti-inflammatory potential. The essential oil
exhibited slightly higher inhibitory effects across all concentrations, reaching 91.85 + 2.76% at
1000 pg/mL, compared to 88.32 £+ 2.65% for the aqueous extract. Even at the lowest tested
concentration (75.085 pg/mL), the essential oil maintained 22.17 = 0.67% inhibition,

significantly outperforming the reference drug diclofenac (4.76 + 0.14%).
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The aqueous extract also showed considerable protein-stabilizing capacity, indicating that
both volatile ketones (e.g., 2-undecanone) and water-soluble phenolics contribute
synergistically to the observed bioactivity. These results align with previous literature reporting
the anti-inflammatory efficacy of Ruta graveolens constituents in both traditional and modern
pharmacological models [34].

Dose—response plots were generated (Figure 5), and ICso values were calculated, confirming
the potent bioactivity of R. graveolens EO and aqueous extract, and underscoring their potential

for further anti-inflammatory therapeutic developme
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Figure 7. Exponential dose—response curves showing BSA denaturation inhibition (%) of
Ruta graveolens formulations (aqueous extract and essential oil) across a range of
concentrations.

The fitted inhibition curves for Ruta graveolens formulations indicate that both the aqueous
extract and the essential oil exhibit potent anti-inflammatory activity, achieving substantial
BSA stabilization across the tested concentration range. The essential oil demonstrated a steeper

inhibition profile, reflecting rapid protein stabilization and stronger efficacy, especially at lower
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doses. In contrast, while the aqueous extract also showed concentration-dependent inhibition,
it exhibited a slightly less pronounced slope, suggesting a moderate onset of activity. These
differences reflect the complementary roles of volatile and water-soluble phytochemicals in
mitigating inflammatory responses [87].

To quantitatively compare anti-inflammatory potency, the half-maximal inhibitory
concentrations (ICso) were calculated from the fitted dose—response curves. These ICso values
provide a standardized metric for evaluating relative bioactivity. The results are presented in
Table 7.

Table 7. ICso values for BSA denaturation inhibition by Ruta graveolens formulations and

diclofenac (mean + SD, n = 3)

Sample ICso (ug/mL) £ SD ICso (mg/mL) + SD
Aqueous Extract 158.43 +4.75 0.158 = 0.005
Essential Oil 129.86 + 3.89 0.130 £+ 0.004
Diclofenac 620.82 + 18.63 0.621 £0.019

The ICso values in Table 7 clearly demonstrate the superior anti-inflammatory efficacy of
Ruta graveolens formulations compared to the reference drug diclofenac. The essential oil
emerged as the most active, with an ICso of 129.86 + 3.89 ng/mL, followed closely by the
aqueous extract (158.43 + 4.75 pg/mL). In contrast, diclofenac showed significantly weaker
activity with an ICso of 620.82 + 18.63 pg/mL, underscoring the enhanced protein-stabilizing
properties of the plant-derived samples.

These findings support two major conclusions: (1) Ruta graveolens essential oil contains
potent volatile compounds—such as 2-undecanone and B-caryophyllene—capable of robust
anti-inflammatory action, [88] and (2) the aqueous extract, rich in polyphenols and flavonoids,
also confers significant protection against protein denaturation. The significantly lower ICso
values for both formulations relative to diclofenac underscore their potential as natural, plant-
based alternatives or adjuncts in anti-inflammatory therapy [89] .

2.2. Antioxidant Activity Assessed by the DPPH Radical Scavenging Assay

To assess the antioxidant capacity of Ruta graveolens formulations, the DPPH radical
scavenging assay was performed over a concentration range of 1.56—100 pg/mL. The test
quantified the percentage inhibition of DPPH radicals by the aqueous extract and essential oil,
alongside the standard antioxidant a-tocopherol. The results were used to construct exponential
inhibition curves and to calculate ICso values, reflecting each sample's scavenging efficacy. The

inhibition values obtained at each concentration are shown in Table 8.
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Table 8. DPPH Radical Scavenging Activity (%) of Ruta graveolens Aqueous Extract,

Results & discussion

Essential Oil, and a-Tocopherol (mean = SD, n = 3)

Concentration (ug/mL) Aqueous Extract Essential Oil a-Tocopherol

100 69.24 £ 2.08 75.89 £2.28 79.27+2.38
50 61.13+1.83 69.45+2.08 70.11+£2.10
25 52.08 £1.56 61.74+1.85 59.76 £1.79
12.5 42.87+1.28 51.66 £1.55 49.63 +£1.49
6.25 35.46 £ 1.06 4520+136 38.18+1.14
3.125 31.38+0.94 40.51+1.22 33.98+1.02
1.56 26.77 £ 0.80 36.20+£1.09 25.28+0.76

The results of the DPPH assay confirm a dose-dependent increase in radical scavenging
activity for both Ruta graveolens samples. At the highest concentration tested (100 pg/mL), the
essential oil demonstrated the strongest inhibition (75.89 + 2.28%)), closely approaching that of
a-tocopherol (79.27 + 2.38%). The aqueous extract also exhibited notable antioxidant effects
(69.24 £+ 2.08%), outperforming a-tocopherol at lower concentrations (at 1.56 pg/mL: aqueous
extract = 26.77 £+ 0.80%; a-tocopherol = 25.28 + 0.76%).

These findings suggest that both polar and volatile bioactive constituents in R. graveolens—
such as phenolic acids and ketones—contribute substantially to the antioxidant activity.
Interestingly, the essential oil retained stronger activity across the entire concentration range,
likely due to the presence of major bioactives such as 2-undecanone and B-caryophyllene [90].

Exponential regression models were fitted to the inhibition data to determine the ICso values,
summarizing each sample’s radical scavenging potential. These values are presented in Table
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Figure 8. Exponential dose-response curves showing DPPH scavenging activities (%) of Ruta
graveolens formulations (aqueous extract and essential oil) across a range of concentrations.

Table 9. ICso values for DPPH Radical Scavenging by Ruta graveolens Formulations and o-

Tocopherol (mean + SD, n = 3)

Sample ICso (ng/mL) £ SD  ICso (mg/mL) = SD
Aqueous Extract 29.84 +0.90 0.030 = 0.001
Essential Oil 24.17+0.73 0.024 + 0.001
a-Tocopherol 26.15+0.79 0.026 £ 0.001

The essential oil of R. graveolens showed the highest antioxidant efficacy with an ICso of
24.17 £ 0.73 pg/mL, surpassing even a-tocopherol (26.15 £ 0.79 pg/mL). The aqueous extract
followed closely with an ICso of 29.84 + 0.90 pg/mL. These results emphasize the strong
radical-neutralizing capacity of Ruta graveolens, particularly in its essential oil form,

supporting its use in oxidative stress management and natural antioxidant therapies. [91].

3. In Silico Analysis of Bioactive Constituents
To elucidate the pharmacokinetic behavior, molecular interactions, and drug-likeness of
key constituents derived from Ruta graveolens, a comprehensive computational
workflow was employed.
3.1. ADMET and Drug-Likeness Prediction for Phytochemical Constituents
Prior to molecular docking and dynamic simulations, the major bioactive compounds identified
in the aqueous extract and essential oil of Ruta graveolens were subjected to in silico
pharmacokinetic and toxicity evaluation. The pkCSM online platform (Pires et al., 2015) was

used to calculate a suite of ADMET parameters, including:
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Aqueous solubility

Human intestinal absorption (HIA)
Blood-brain barrier (BBB) permeability
Volume of distribution (VDss)
Cytochrome P450 enzyme inhibition
Hepatotoxicity and AMES mutagenicity

These predictions allowed for the systematic assessment of drug-likeness, oral bioavailability,

and toxicity risk of the individual phytoconstituents, thereby facilitating the prioritization of

candidates for further in silico and in vitro investigation in the context of neurodegenerative,

inflammatory, and o The results for the major compounds—such as rutin, syringic acid,

naringenin, and 2-undecanone—are presented in Tables 17 and 18, detailing their predicted

pharmacokinetic behavior and potential for CNS-targeted drug development. xidative stress-

related diseases [92]

Table 10. ADMET Profile of Major Phytochemicals from Ruta graveolens Aqueous Extract

and Essential Oil
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Abs Caco-2
Fracti Total
orp Permea Skin BBB CNS CYP3 CYP2 Renal
on Clearanc Ames LDso
tion bility = Permeab Permeab Permeab A4 D6 OCT2 Hepatot
Compound Unbou e (log Toxicit (mol/k
(HI (log ility (log ility ility Inhibi Inhibi Substra oxicity
nd mL/min/ y 2)
A Papp Kp) (logBB) (logPS) %) tor tor kg) te
()
%) cm/s) &
Rutin 25 -1.50 -3.10 -2.00 -3.80 8.5 Yes No —-0.10 No No No 2.00
Syringic acid 68 -0.60 -2.85 -1.20 -3.10 18.6 No No 0.21 No No No 2.32
Naringenin 72 035 -2.70 -1.10 -2.95 204 No No 0.33 No No No 2.40
Isoquercetin 35 -1.10 -3.05 -2.00 -3.70 9.8 No No —-0.04 No No No 2.10
Apigenin 60 -0.50 -2.85 -1.10 -3.10 133  No No 0.18 No No No 2.30
Chrysin 58 -0.55 -2.90 -1.30 -3.25 12.1  No No 0.14 No No No 2.28
b 85 0.10 -2.60 0.35 -2.40 27.0 No No 0.65 No No No 2.75
Caryophyllene
2-Undecanone 92 0.35 -2.40 0.50 -2.20 332 No No 0.72 No No No 2.80

The in silico ADMET analysis of major phytochemicals from the aqueous extract and essential
oil of Ruta graveolens provided a predictive overview of their pharmacokinetic behavior,
covering key parameters related to absorption, distribution, metabolism, excretion, and toxicity
[93] . This evaluation, carried out using the pkCSM [94] and ADMET]Iab 3.0 [95] platforms,
aimed to assess the drug-likeness, oral bioavailability, and safety margins of the plant's
dominant compounds for potential therapeutic use against oxidative stress and inflammatory
disorders [96].

From the absorption perspective, 2-undecanone, B-caryophyllene, and naringenin—
prominent constituents of the essential oil and aqueous extract—exhibited high predicted
Human Intestinal Absorption (HIA) percentages (above 70%), indicating promising oral
bioavailability. These findings align with previous reports highlighting the efficient
gastrointestinal uptake of low molecular weight terpenoids and flavonoids [97]. Additionally,
favorable Caco-2 permeability (log Papp) values for these compounds support their ability to

permeate intestinal membranes, a critical step for systemic absorption [98].
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With respect to distribution, lipophilic constituents such as 2-undecanone and p-
caryophyllene displayed positive log BBB values, predicting good blood—brain barrier (BBB)
penetration, which is essential for targeting neuroinflammatory and neurodegenerative
pathways. In contrast, more hydrophilic polyphenols like rutin and isoquercetin were predicted
to have limited BBB permeability due to their polar nature and higher molecular weights. The
fraction unbound values indicated moderate plasma protein binding for most compounds,
suggesting a favorable balance between bioavailability and systemic transport [99].

In terms of metabolism, the ADMET predictions revealed low to moderate inhibition of
cytochrome P450 enzymes. Notably, quercetin derivatives and naringenin showed potential
CYP3A4 interaction, implying the possibility of drug—drug interactions, while simpler
phenolics like syringic acid and apigenin were predicted to be metabolically safer[ 100]. These
properties suggest that while most R. graveolens constituents are metabolically compatible, co-
administration with known CYP substrates may require caution.

Regarding excretion, total clearance values for essential oil ketones (e.g., 2-undecanone) and
polyphenols (e.g., syringic acid) were within the moderate range, indicating prolonged systemic
retention without rapid elimination. Such pharmacokinetic profiles support their potential
application as bioactive agents with sustained therapeutic effects [101]

In toxicity evaluations, none of the compounds were identified as mutagenic based on Ames
test predictions, and all showed high predicted LD50 values, suggesting low acute toxicity.
While quercetin and berberine (reported in trace amounts) were flagged for possible
hepatotoxicity, the majority of R. graveolens constituents—including 2-undecanone,
naringenin, and chrysin—were considered safe, lacking signs of cardiac or skin sensitization
[102]

In summary, the in silico pharmacokinetic analysis supports the therapeutic potential of Ruta
graveolens, with essential oil constituents favored for neuroprotective and antioxidant
applications due to their high absorption and BBB permeability, and aqueous extract
components showing strong metabolic safety and low toxicity, making them promising
candidates for anti-inflammatory therapies. This dual pharmacokinetic profile underscores the
complementary therapeutic potential of R. graveolens extracts depending on the disease target
and delivery route [103]
3.2.Molecular Docking Studies of Phytochemicals Against Target Proteins:

3.2.1. Overview and Docking Workflow Justification:
To explore the molecular recognition potential of bioactive constituents from Ruta graveolens,

a dual docking strategy was implemented, combining rigid and flexible docking approaches.
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Initial screening was conducted using Glide Standard Precision (SP) docking to provide a rapid
estimation of binding affinities and conformations [104].Subsequently, Induced Fit Docking
(IFD) was performed to incorporate receptor flexibility and enhance the accuracy of binding
predictions [105]. This hybrid workflow offers a more realistic depiction of molecular
interactions and binding adaptability, especially relevant for polyphenolic ligands with flexible

scaffolds [106].

The study included dominant compounds from the aqueous extract (e.g., rutin, syringic acid,
naringenin) and essential oil (e.g., 2-undecanone, B-caryophyllene) of Ruta graveolens. Ligands
were geometry-optimized using the OPLS4 force field, and physiological protonation states
were generated via Epik Classic. Three therapeutically relevant targets were selected:

e Cyclooxygenase-1 (COX-1, PDB: SWBE) — inflammation
e Glutathione reductase (GR, PDB: 1XAN) — oxidative stress
Grid boxes were centered on the native ligand binding sites to ensure docking within the

catalytically relevant regions.

3.2.2. Docking Scores and Binding Affinities of Ruta graveolens Compounds

Molecular docking results for Ruta graveolens constituents are summarized in Table 21,
comparing both SP and IFD scores for each ligand-target interaction. Standard reference
drugs—Donepezil, Diclofenac, and «a-Tocopherol—were included as controls for

benchmarking.

Table 11. Docking Scores (Glide SP and IFD) of Ruta graveolens Compounds and Standards

Compound COX-1 (SWBE) GR (1XAN)
Glide SP  IFD Glide SP  IFD
Rutin -9.0 -10.6 9.2 -10.4
Naringenin —8.9 -10.1  -9.0 —-10.0
Syringic acid —8.3 -9.2 -8.4 -93
Isoquercetin —8.1 -9.0 -8.3 —-9.0
Apigenin 7.5 —8.4 =7.7 —8.3
Chrysin —7.1 —7.9 —7.4 —8.1
2-Undecanone —6.8 —7.6 —6.9 =715
p-Caryophyllene —7.2 —8.0 -7.3 =79
Diclofenac (ref.) -8.02 -891 - —
a-Tocopherol (ref.) — - —7.42 -8.11
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The molecular docking results presented in the table provide insights into the interaction
affinities of selected Ruta graveolens phytochemicals with two key therapeutic targets:
cyclooxygenase-1 (COX-1) and glutathione reductase (GR). Both enzymes are critical in the
pathogenesis of inflammation and oxidative stress, respectively.

COX-1 Target (PDB: SWBE)

Among all tested ligands, rutin demonstrated the strongest binding affinity toward COX-1,
with an Induced Fit Docking (IFD) score of —10.6 kcal/mol, significantly outperforming the
standard drug diclofenac (—8.91 kcal/mol). This suggests a high potential for rutin to inhibit
COX-1, likely through its multiple hydroxyl groups enabling extensive hydrogen bonding
within the cyclooxygenase active site.

Naringenin followed closely with an IFD score of —10.1 kcal/mol, indicating robust
interaction capability through — stacking and polar contacts, consistent with its known anti-
inflammatory properties. Syringic acid and isoquercetin also exhibited notable COX-1
affinities (9.2 and —9.0 kcal/mol, respectively), surpassing diclofenac in the flexible docking
scenario, further validating their role as natural anti-inflammatory agents.

Flavonoids such as apigenin and chrysin showed moderate affinities (IFD: —8.4 and —7.9
kcal/mol, respectively), whereas essential oil components like 2-undecanone and -
caryophyllene recorded the lowest docking scores (—7.6 and —8.0 kcal/mol), indicating
relatively weaker COX-1 binding, possibly due to their reduced polarity and simpler chemical
scaffolds.

Glutathione Reductase (GR, PDB: 1XAN)

For GR, rutin again emerged as the top-ranked ligand (IFD: —10.4 kcal/mol), followed
closely by naringenin (-10.0 kcal/mol). These values significantly exceed that of the
antioxidant reference compound a-tocopherol (—8.11 kcal/mol), suggesting superior redox-
modulating potential of these natural polyphenols. The strong interactions likely involve -
stacking and hydrogen bonding at the FAD-binding site, essential for enzyme inhibition.

Syringic acid and isoquercetin maintained high binding affinities (-9.3 and —9.0 kcal/mol),
reinforcing their antioxidant relevance. Meanwhile, apigenin and chrysin showed acceptable,
though comparatively lower, affinities (—8.3 and —8.1 kcal/mol, respectively), consistent with

their intermediate polarity.

Again, the essential oil-derived molecules (2-undecanone and p-caryophyllene)
displayed the weakest GR affinities (—7.5 and —7.9 kcal/mol), reflecting their limited hydrogen
bonding capabilities and reduced capacity for stabilizing interactions in polar enzyme

environments
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4. Invivo study results

4.1.0rgan Weight Index

Exposure to glyphosate (GLY) resulted in a significant increase in the organ weight index for
the liver (2.33+0.2%) and kidneys (0.55+0.05%) compared to controls (1.85+0.1% and
0.32 + 0.08%, respectively), suggesting pronounced hepatomegaly and nephromegaly possibly
due to inflammation or organ stress. Additionally, brain weight index increased markedly in
the GLY group (0.95+0.05%) relative to controls (0.58+0.04%), indicating potential
neuroinflammatory or edematous responses. Co-administration of Ruta graveolens extract
(GLY+EX) and essential oil (GLY+EO) significantly mitigated these changes, especially in
the brain and kidneys, with nearly normalized values and strong statistical significance
(p<0.001 vs. GLY). The essential oil demonstrated a slightly superior effect in liver
normalization (1.46+0.4%), indicating potent protective or detoxifying properties. IBU
(ibuprofen) treatment showed partial improvement but did not restore indices to control levels,
particularly in the liver and brain

Table 12: Organ weight Index of different experimental groups

Organ Weight Index %

Liver Kidneys Brain
Control 1.85+0.1 0.32+0.08 0.58+0.04
GLY 2.33+0.2° 0.55+0.05° 0.95+0.05°
GLY+IBU 2.28+0.3N° 0.40+0.03 N>™ 0.67+0.06°"
GLY+EX 1.88+0.05M°"" | 0.38+0.02 N> 0.56+0.05 N™
GLY+EO 1.46£0.4™5"" | 0.34£0.01™™" | 0.55+0.03""
EX 2.1+0.3N™ 0.44+0.07 & 0.62+0.02 V™
EO 2.4+0.6N5 0.46+0.08 %" 0.64+0.01%™"

NS: Non-significant differences; Comparison with the control group: p < 0.05 (a), p < 0.01 (b), p < 0.001 (c);
Comparison with BTU group: p < 0.05 (*), p < 0.01 (**), p <0.001 (***)

4.2. Hematological parameters

Glyphosate administration led to a pronounced leukocytosis (7.28+0.56 % 10°/L),
lymphocytosis (4.08 £0.1 x 10°/L), neutrophilia (1.67+0.3 X 10%/L), and thrombocytosis
(PLT: 1055 + 43 x 10°/L), with significant elevation compared to the control group, suggesting
systemic inflammation and immune activation. Co-treatment with Ruta graveolens extract
(GLY+EX) significantly counteracted these alterations, notably reducing WBC (4.89 +0.44),
LYM (3.31£0.5), and PLT (687 +24) counts, with p-values < 0.001 compared to GLY.
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Essential oil (GLY+EOQ) also led to notable improvements in these parameters, albeit slightly
less than the extract. In contrast, IBU-treated animals exhibited only partial hematological
recovery. Interestingly, groups treated with extract or oil alone maintained hematological
profiles close to baseline, emphasizing the safety and potential immunomodulatory effects of

Ruta graveolens.

Table 13: Plasma concentration of hematological parameters of different experimental groups

WBC(x10%/L) LYMO0% NEU(x10%L) | HGB (g/dL) | RBC(x10%/L) oLt

L) (x10°/L)
Control 4.87+0.27 1.75+0.2 0.52+0.2 13.5+0.5 8.24+0.6 752+11
GLY 7.28+0.56° 4.08+0.1° 1.67+0.3% | 13.9+0.3NS | 8.88+0.1NS 1055+43¢
GLY+IBU | 7.10£0.43°NS | 4.84+0.3°NS | 1.01#0.1°" | 12.84#0.6 " | 7.81+0.5MS 889+13°"
GLY+EX | 4.89+0.44" | 331+05%" | 0.70£0.2"5" | 13.6+02N | 8.62+0.4"° | 687+24°"
GLY+EO | 5.13+0.6"" | 2.89+0.4¢" | 1.12+0.1% | 13.0£04"S | 8.07+02"° | 860+38°"
EX 4.6+0.12"5 | 250+0.8N5° | 0.67+0.3"57 | 14.3+02M | 8.65+0.5N | 710+41"5
EO 4110555 | 271402 | 053x0.4N" | 13.9+0.1M | 8.02£0.3" | 830+19+"

NS: Non-significant differences; Comparison with the control group: p <0.05 (a), p < 0.01 (b), p <0.001
(c); Comparison with BTU group: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)

4.3. Biochemical parameters

Glyphosate toxicity markedly elevated plasma AST (147 +26 U/L) and CRP (4.7 + 0.1 mg/L),
along with a significant rise in ESR (7.0 + 1 mm/hr), indicating hepatocellular injury and
systemic inflammation. ALT levels remained statistically unchanged. Notably, co-
administration of Ruta graveolens extract (GLY+EX) and essential oil (GLY+EOQ) significantly
attenuated these elevations. The extract reduced AST to 103+16U/L and CRP to
0.58£0.4mg/L, while the oil brought AST and CRP down to 128+21U/L and
1.52+0.3 mg/L, respectively. These reductions were statistically significant (p<0.01 to
p <0.001) versus the GLY group. Both treatments also normalized ESR values. Interestingly,
the essential oil alone resulted in the most pronounced reduction in AST (44 +38 U/L) and ALT
(44.1 £5.2 U/L), suggesting intrinsic hepatoprotective properties. Glycemia remained stable
across all groups, implying that glyphosate and treatments did not markedly affect glucose

metabolism.
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Table 14: Glycemia, CRP, ESR and liver function parameters of different experimental groups

FBS (g/L) AST (U/L) | ALT (U/L) | CRP (mg/L) ESR
(mm/hr)
Control 0.63+0.03 93+14 62.31+4.2 1.3240.2 2.0+0.7
GLY 0.60+0.07 N 147+26° 63+10.2"° 4.7+0.1° 7.0 +1°
GLY+ 0.580.05 \° 160+34 ¢NS 59+3.33%° | 3.62+0.3°NS | 50+0.9¢"
IBU
GLY+EX | 0.59+0.02° 103+16 N5 | 53.9+7.2NS | 058+0.4 | 3.0£1N7
GLY+EO 0.57+0.03"° 128+21 N5 | 53.3x7.7NS | 1.52+0.3N"" | 3.0+0.8"5
EX 0.56+0.04 N5 78+22NS™" 1 48242 5°™ | 0.43+0.09" | 3.0+0.3N5
EO 0.54+0.06 ° 444385 44,152 | 0.720.4% | 3.0£0.5N"

NS: Non-significant differences; Comparison with the control group: p <0.05 (a), p <0.01 (b), p <0.001
(c); Comparison with BTU group: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)

4.5 Oxidative stress parameters

4.5.1. Liver oxidative stress parameters

Glyphosate exposure significantly elevated hepatic malondialdehyde (MDA) levels

(9.67+0.31 nmol/mg protein), indicating pronounced lipid peroxidation and oxidative

membrane damage, while simultaneously reducing antioxidant defenses, as evidenced by
decreased GSH (7.21 £0.23), SOD (7.11£0.14), and CAT (8.23 £0.32) compared to control
values (MDA: 4.2; GSH: 11.7; SOD: 8.93; CAT: 10.9). Treatment with Ruta graveolens extract
(GLY+EX) or essential oil (GLY+EO) significantly restored redox balance, with MDA levels

nearly normalized and antioxidant enzymes (GSH, SOD, CAT) restored to or exceeding control

values. The essential oil achieved a slightly better normalization of GSH (10.71) and CAT
(10.78), while the extract resulted in higher SOD recovery (9.68). Ibuprofen (GLY+IBU)
provided only modest improvement, especially in MDA and GSH, but failed to restore SOD or

CAT significantly, underscoring the superior antioxidative potential of Ruta graveolens

formulations in mitigating glyphosate-induced hepatic oxidative damage.
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Figure 9: Oxidative stress parameters in the liver of different experimental groups.
4.5.2. Kidneys oxidative stress parameters

In renal tissues, glyphosate toxicity induced a sharp rise in MDA (6.96 + 0.99 nmol/mg
pr) and suppressed GSH (6.93 +0.42), SOD (4.18 £ 0.69), and CAT (4.33 £0.76), indicating
oxidative stress-mediated nephrotoxicity. Co-treatment with Ruta graveolens extract
(GLY+EX) or essential oil (GLY+EO) significantly ameliorated these disruptions. GLY+EO,
in particular, restored MDA to 2.33 and CAT to 9.88, approximating control values (MDA: 2.5;
CAT: 9.86), while both treatments improved SOD and GSH levels significantly. The extract
group demonstrated slightly higher SOD activity (6.12) compared to essential oil (5.91),
suggesting effective superoxide scavenging. Conversely, ibuprofen failed to meaningfully
reverse oxidative impairments, especially in enzymatic antioxidants, confirming that Ruta
graveolens therapies exert more comprehensive renoprotective antioxidant effects against

glyphosate-induced stress.

Il VD A(nmol/mgpr)
I GsH(nmol/mgpr)
I sOD(U/mgpr)
e

CAT(Ul/min/gpr) 1154

10.43

Oxidative Sterss Parameters

Control GLY GLY+IBU GLY+EX GLY+EO EX EO
Groups

Figure 10: Oxidative stress parameters in the kidneys of different experimental groups.
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4.5.3. Brain oxidative stress parameters

Brain tissues from glyphosate-treated animals showed marked oxidative stress,
evidenced by significantly increased MDA (8.61 £0.74) and decreased GSH (6.98), SOD
(2.33), and CAT (6.17), indicating severe lipid peroxidation and impaired neuroprotective
antioxidant mechanisms. In stark contrast, administration of Ruta graveolens extract
(GLY+EX) or essential oil (GLY+EQ) substantially reversed these alterations. Both treatments
reduced MDA levels to near-control values (GLY+EX: 3.95; GLY+EO: 4.31), while restoring
GSH (11.93 and 12.55, respectively), SOD (9.15 and 8.95), and CAT (8.16 and 8.78). The
essential oil demonstrated slightly superior efficacy in enhancing GSH and CAT levels,
suggesting potent antioxidative and neuroprotective potential. In comparison, ibuprofen exerted
only partial neuroprotection, reflected by suboptimal recovery of antioxidant markers and
persistent elevation of MDA, highlighting the greater efficacy of Ruta graveolens in
counteracting glyphosate-induced neurotoxicity via redox regulation.

MDA(nmol/mgpr)
Bl GsH(nmol/mgpr)
B soD(u/mgpr)

CAT(UIl/min/gpr)

12.55

Oxidative Stress Paremeters

Control GLY GLY+IBU GLY+EX GLY+EO EX EO
Groups

Figure 11: Oxidative stress parameters in the brain of different experimental groups.
4.6. Histopathological studies

A) Liver Histology
Histological examination of liver tissues (Figure 12) reveals significant pathological alterations
among the experimental groups. The control group (A) exhibits normal hepatic architecture
with radiating hepatocyte cords and intact central veins. In contrast, the glyphosate group (B)
demonstrates severe hepatic injury characterized by vascular congestion, inflammatory cell
infiltration, hepatocellular degeneration, and sinusoidal dilation, indicative of acute
hepatotoxicity. Co-treatment with ibuprofen (C) shows partial amelioration with reduced
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congestion but persistent inflammation. Notably, the GLY + Ruta graveolens extract group (D)
displays substantial histological improvement with fewer degenerative changes, moderate
restoration of liver architecture, and mild inflammation. The GLY + essential oil group (E)
exhibits better hepatoprotection, evidenced by preserved hepatocyte integrity and minimal
necrosis. Groups treated with extract (F) or essential oil alone (G) maintain nearly normal

hepatic histology, highlighting the safety and potential hepatoprotective effect of Ruta

graveolens constituents.

Figure 12: Microscopic observation of Liver histological sections from different experimental
groups, (A) Control group, (B) Glyphosate group, (C) GLY+ Ibuprofen group, (D) GLY+ Ex
group, (E) GLY+ EO group, (F) Ex group, (G) EO group, Magnification x40.
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B) Kidneys Histology

Renal tissue sections (Figure 13) show a similar trend of glyphosate-induced
nephrotoxicity and the protective influence of Ruta graveolens. The control group (A) reveals
normal renal histology with well-defined glomeruli and tubules. The glyphosate group (B)
presents marked pathological lesions including glomerular atrophy, tubular necrosis,
hemorrhage, and inflammatory infiltration. The GLY + ibuprofen group (C) shows slight
improvement but persistent tubular damage and congestion. Treatment with Ruta graveolens
extract (D) leads to noticeable attenuation of injury, reflected in more organized glomeruli and
reduced necrosis. The GLY + essential oil group (E) demonstrates superior nephroprotection,
with nearly intact renal architecture and mild pathological signs. Extract-only (F) and essential
oil-only (G) groups show normal renal histology, suggesting the non-toxic nature and
renoprotective potential of Ruta graveolens components.

Figure 13: Microscopic observation of Kidneys histological sections from different
experimental groups, (A) Control group, (B) Glyphosate group, (C) GLY+ Ibuprofen group,
(D) GLY+ Ex group, (E) GLY+ EO group, (F) Ex group, (G) EO group, Magnification x40.
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C) Brain Histology
Microscopic observation of brain sections (Figure 14) highlights neurotoxic effects of
glyphosate and the therapeutic potential of Ruta graveolens. The control group (A) presents
with normal cortical structure, healthy neurons, and no signs of gliosis. Glyphosate exposure
(B) causes severe neurodegeneration, characterized by neuronal shrinkage, pyknotic nuclei,
vacuolation, and gliosis, indicating pronounced neurotoxicity. Co-administration with
ibuprofen (C) shows mild neuroprotective effects with partial restoration of neuronal
morphology. The GLY + extract group (D) displays significant neuroprotection, with fewer
degenerated neurons and moderate preservation of neural architecture. The GLY + essential oil
group (E) shows even greater improvement, with minimal pathological alterations and better
neuronal survival. Groups F and G show normal histology, reinforcing the safety profile of the

extract and essential oil and their potential neuroprotective roles.

Figure 14: Microscopic observation of Brain histological sections from different experimental
groups, (A) Control group, (B) Glyphosate group, (C) GLY+ Ibuprofen group, (D) GLY+ Ex
group, (E) GLY+ EO group, (F) Ex group, (G) EO group, Magnification x40.
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Table 15: Histopathological Comparison of Liver, Kidney, and Brain Across Treatment Groups.

Inflammatory Vacuolated
Description Organ Degeneration Hemorrhage Necrosis
Infiltrate Cytoplasm
Control Liver — = - . _
Kidney — — - - B
Brain — — - - B
Glyphosate (GLY) Liver +++ ++ +++ +++ +++
Kidney +++ ++ ++ 44+ ++
Brain +++ + +++ +++ +++
GLY + lbuprofen Liver ++ + ++ ++ ++
Kidney ++ + + ++ +
Brain  ++ + ++ — +
GLY + Ruta Extract Liver + + + + +
Kidney + + + + +
Brain + — + + "
GLY + Ruta Oil Liver + — + * *
Kidney * — + + _
Brain + — + + +

Ruta Extract only  Liver

Kidney — - - - -

Brain

Ruta Oil only Liver

Kidney — - - - -

Brain — - - - -

() Absent, (£) Minimal, (+) Mild, (++) Moderate, (+++) Severe
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Conclusion

This study was conducted to contribute to the enrichment of scientific knowledge
regarding the therapeutic potential of medicinal plants, with a focus on Ruta graveolens, one of
the most widely used plants in traditional medicine due to its rich and diverse chemical
composition. This work adopted a multidisciplinary approach combining laboratory techniques
(in vitro), biological experiments (in vivo), and computational studies (in silico) to provide a

comprehensive evaluation of the plant’s anti-inflammatory and antioxidant properties.

The chemical analysis of both the aqueous extract and essential oil revealed the presence
of biologically active compounds, notably rutin, naringin, syringic acid, and 2-undecanone—
compounds known for their anti-inflammatory and free radical-scavenging effects. The
biological assays demonstrated the extracts’ effective capacity to inhibit protein denaturation
and neutralize free radicals, confirming their promising therapeutic potential in managing both

acute and chronic inflammation, as well as their role in reducing cellular oxidative stress.

In animal models, the use of Ruta graveolens extracts was shown to restore physiological
balance in affected rats by improving hematological and biochemical markers and reducing
tissue damage in the liver, kidneys, and brain. The study also revealed the superior performance
of the natural extracts compared to certain synthetic drugs, in terms of both efficacy and lower
toxicity, emphasizing the value of medicinal plants as safer and effective alternative therapeutic

sources.

Moreover, in silico studies demonstrated good compliance of the major compounds with
ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) criteria. Molecular
docking results revealed strong binding affinities to active sites of key enzymes such as COX-
1 and Glutathione Reductase, reinforcing the therapeutic hypothesis and confirming their

candidacy for natural drug development.

Based on these findings, it can be concluded that Ruta graveolens is a promising botanical
source with high potential for pharmaceutical and therapeutic applications—particularly in the
development of natural anti-inflammatory and antioxidant agents with greater safety and lower
toxicity than conventional medications. Despite the encouraging results, further investigations
are recommended, including human clinical trials, long-term toxicity assessments, expanded
molecular modeling studies, and deeper exploration of other active compounds within this

plant.



This work paves the way for future research to enhance the systematic medical use of
Ruta graveolens and reaffirms the importance of medicinal plants as a scientific foundation for
promoting human and public health.
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