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Résumeé

La présente étude visait a valoriser le potentiel anti-inflammatoire des molécules bioactives dérivées
de la microalgue Spirulina platensis a travers une approche intégrée comprenant d’abord une
évaluation in vitro, ensuite une évaluation in vivo, puis une étude in silico, en ciblant la double

inhibition des voies de la cyclooxygénase-2 (COX-2) et de la 5-lipoxygénase (5-LOX).

Dans la partie in vitro, des extraits de spiruline obtenus par macération et décoction ont été soumis a
un criblage phytochimique, au dosage des composés phénoliques, ainsi qu’a 1’évaluation des activités
antioxydante (Test du piégeage du radical libre DPPH et test du pouvoir réducteur de Fer FRAP) et
anti-inflammatoire (test d’inhibition de la dénaturation des protéines). Les résultats ont montré une

activité notable de ces extraits, avec une meilleure performance globale de I’extrait par décoction.

Dans la partie in vivo, les essais réalisés sur des modeéles animaux ont confirmé une réduction
significative de I’inflammation et une accélération de la cicatrisation chez les groupes traités par la

spiruline.

Enfin, dans la partie in silico, I’amarrage moléculaire réalisé a I’aide de BIOVIA Discovery Studio a
montré que certains composés de la spiruline, notamment 1’acide gamma-linolénique (GLA) et la
phycocyanobiline, présentent des affinités de liaison favorables et des interactions stables avec les
sites actifs des deux enzymes, tandis que 1’analyse ADMET a soutenu leur intérét pharmacologique
potentiel. En conclusion, cette étude met en évidence la spiruline comme une source naturelle

prometteuse de composeés anti-inflammatoires et favorables a la cicatrisation.

Mots-clés : Spiruline, Anti-inflammatoire, Amarrage moléculaire, COX-2, 5-LOX, ADMET,

Acide gamma-linolénique.



Abstract

This study aimed to valorise the anti-inflammatory potential of bioactive molecules derived from
Spirulina microalgae through an integrated approach comprising first an in vitro assessment, followed
by an in vivo evaluation, and finally an in-silico investigation, with a focus on the dual inhibition of
the cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX) pathways. In the in vitro part, Spirulina
extracts obtained by maceration and decoction were subjected to phytochemical screening,
quantification of phenolic compounds, antioxidant assays (DPPH free radical scavenging test and
FRAP iron reducing power test), and anti-inflammatory assessment using the protein denaturation
inhibition test. The results showed notable activity for these extracts, with the decoction extract giving
the best overall performance. In the in vivo part, experiments on animal models confirmed a marked
reduction in inflammation and accelerated wound healing in the Spirulina-treated groups. Finally, in
the in-silico part, molecular docking performed using BIOVIA Discovery Studio showed that
Spirulina compounds, particularly gamma-linolenic acid (GLA) and phycocyanobilin, exhibited
favourable binding affinities and stable interactions within the active sites of both enzymes, while
ADMET analysis supported their potential pharmacological interest. In conclusion, this study
highlights Spirulina as a promising natural source of anti-inflammatory compounds and wound-

healing support.

Keywords: Spirulina, Anti-inflammatory, Molecular docking, COX-2, 5-LOX, ADMET,

Gamma-linolenic acid.
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Introduction

Microalgae are photosynthetic microorganisms characterised by remarkable ecological
adaptability, rapid biomass productivity, and the ability to synthesise a wide range of high-value
bioactive metabolites. Their growing importance in food, nutraceutical, pharmaceutical, and
biomedical fields is largely attributed to their capacity to accumulate carotenoids, vitamins,
polyunsaturated fatty acids, polysaccharides, and phenolic compounds. Owing to these
multifunctional biological properties, together with relatively low production costs, microalgae
are increasingly regarded as promising natural resources for the development of health-promoting
products (Huang et al., 2024).

Among the most extensively investigated microalgal resources, Spirulina occupies a
prominent position. it is commonly referred to as Limnos Pira platensis or Arthrospore platensis.
Its scientific and industrial value arises from a particularly rich biochemical composition that
includes proteins, lipids, carbohydrates, vitamins, minerals, and pigments. In addition, pigments
such as phycocyanin have attracted considerable attention because of their functional and
biological activities. Recent reviews have emphasized that the bioactive profile of Spirulina
supports a broad spectrum of applications in food, feed, and health-related products, particularly
because of its antioxidant, immunomodulatory, and anti-inflammatory properties (Spinola et al.,
2024).

Beyond its conventional use as a dietary supplement, Spirulina (Spirulina platensis) is
increasingly being approached through the concepts of biorefinery and biomass valorisation. In
this framework, the objective is to directly fractionate the biomass to obtain bioactive compounds
including proteins, pigments, lipids, and other bioactive molecules (Slegers et al., 2020; Spinola
et al., 2024).

At the same time, inflammation remains a central biological process in both health and
disease. It is a protective physiological response triggered by tissue injury, microbial invasion, or

autoimmune stimulation, and it involves coordinated vascular, biochemical, and immunological

Page 1



I Introduction

events. These events include increased blood flow and vascular permeability, recruitment of
leukocytes, and the release of pro-inflammatory mediators at the site of injury. Although this
response is essential for host defence and tissue repair, excessive, persistent, or poorly regulated
inflammation can promote the development of chronic pathological conditions. Consequently, the
search for natural compounds capable of modulating inflammatory pathways has become an
important area of biomedical research (Soares et al., 2023).

A major part of the inflammatory response is regulated at the molecular level through
arachidonic acid metabolism, especially via the cyclooxygenase (COX)and lipoxygenase
(LOX)pathways. Cyclooxygenases convert arachidonic acid into prostaglandin intermediates,
which are subsequently transformed into proteinoids involved in both physiological regulation and
pathological inflammation. In parallel, 5-lipoxygenase catalyses key steps in leukotriene
biosynthesis, generating potent lipid mediators that participate in the amplification and persistence
of inflammatory responses. Classical descriptions distinguish COX-1 as a constitutive isoform
associated mainly with homeostatic functions, whereas COX-2 is more strongly induced under
inflammatory and proliferative conditions. Because prostaglandins and leukotrienes are both
central mediators of inflammatory signalling, the COX/LOX network represents a major
pharmacological target for anti-inflammatory intervention (Marnett & Rouzer, 2009; Remark et
al., 2015).

Within this context, microalgae have emerged as promising natural sources of anti-
inflammatory agents. Reviews dedicated to microalgal and cyanobacterial bioactive indicate that
anti-inflammatory activity may be associated with several classes of compounds, including
proteins, peptides, polysaccharides, fatty acids, anthers molecules, and their derivatives, acting
through diverse intracellular and extracellular mechanisms Spirulina is of particular interest in this
regard, since its major pigment-protein, C-phycocyanin, has been reported to selectively inhibit
COX-2 (Montero-Lobato et al., 2018; Reddy et al., 2000; Tabard et al., 2020).
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It is in this context that this research work takes place, the objective of which
is the assessment of the anti-inflammatory potential of Spirulina biomass and derived
fractions.

To achieve this objective, our study is structured around five components:

1. Extraction

> Apply suitable extraction techniques to isolate different Extracts.

2. Chemical analyses.

> Analyse each fraction for its biochemical composition.

3. Anti-Inflammatory Activity Screening in vitro and in vivo.

o Induction of Inflammation.

> Treatment: Expose cells to varying concentrations of Spirulina Extracts.

4. In silico molecular docking study

o Interaction of selected Spirulina-derived molecules with human cyclooxygenase-2

(COX-2) and lipoxygenase (Lox-5).
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Chapter | General Overview of Microalgae and Spirulina platensis

1.General Overview of Microalgae
1.1. Introduction to Microalgae and Spirulina Valorisation

Microalgae are microscopic photosynthetic microorganisms that inhabit marine, freshwater, and other
moist environments. Within applied biotechnology, cyanobacteria such as Spirulina are frequently
discussed alongside true microalgae because they occupy similar ecological niches, are cultivated in
comparable systems, and generate related biomass fractions and bioactive products Figure 1 (Thoré et
al., 2023).

a b ¢

Figure 1: Microscopic observation of Spirulina platensis at different magnifications(a)Reassessment
10. (b)Gross-Sassement 40. (c)Grossissement 100 (Akbari Zare et al., 2020)

Despite their simple organization, these microorganisms display high metabolic plasticity and
biochemical versatility, explaining their importance as model photosynthetic microorganisms and as
feedstocks for biotechnology (Becker, 1994; Shan et al., 2023). Depending on the taxon and cultivation
regime, their biomass is exceptionally rich in valuable compounds, including proteins, neutral lipids,
and specific pigments such as carotenoids and phycobiliproteins (Becker, 1994; Shan et al., 2023).

Microalgal valorisation involves converting this biomass into products with higher added value through
a biorefinery approach, where the biomass is fractionated into multiple streams to improve resource
efficiency and process economics (Spolaore et al., 2006; Sarma et al., 2021). This valorisation now
extends into the pharmaceutical and nutraceutical sectors, moving beyond basic nutrition to target the
extraction of potent secondary metabolites (Sarma et al., 2021; Qin et al., 2023). Consequently,
Spirulina serves as an ideal model for this biochemical valorisation, providing a sustainable and rich
source of bioactive molecules targeted for advanced therapeutic applications.
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2.Spirulina platensis as a Source of Bioactive Molecules
2.1. Spirulina platensis as a Sustainable Source of Bioactive Metabolites

Spirulina platensis is an edible, filamentous photosynthetic microorganism with a long history of
utilization as a highly nutritious food source. Modern biotechnological production relies on large-scale
cultivation in open raceway ponds and controlled photobioreactors, optimizing alkaline and bicarbonate-
rich growth conditions to ensure stable and reproducible cultivation. From a medical and
pharmacological perspective, this microalgal biomass serves as an exceptionally attractive feedstock for
biochemical valorisation, acting as a rich reservoir of high-value secondary metabolites. Beyond basic
nutrition, targeted research increasingly focuses on isolating and evaluating specific fractions from this
biomass—such as phycobiliproteins, carotenoids, and essential polyunsaturated fatty acids—as
promising active ingredients for advanced therapeutic and pharmaceutical applications (ANSES, 2017;
Gentscheva et al., 2023; Marjanovic et al., 2024).

2.2 Biochemical composition

The biochemical profile of Spirulina platensis biomass is highly diverse, comprising a dense matrix of
proteins, carbohydrates, lipids, and essential micronutrients (Spinola et al., 2024; Marjanovi¢ et al.,
2024). While proteins constitute the major fraction (approximately 50-70% of dry weight), the
pharmacological and biotechnological interest primarily stems from its lipid and pigment fractions.
Specifically, the presence of polyunsaturated fatty acids, notably y-linolenic acid (GLA), and distinctive
pigment—protein complexes such as C-phycocyanin, are critical drivers of its bioactivity (Gentscheva
et al., 2023; Spinola et al., 2024). The overall macroscopic composition of the biomass and its
interpretive relevance are summarized in Table 1.

Table 1: The overall macroscopic composition of the biomass and its interpretive relevance are
summarised (Gentscheva et al., 2023; Marjanovié et al., 2024; Spinola et al., 2024).

Typical range relative

Component
P abundance

Interpretive remarks

Major nutritional fraction; contains all essential amino acids,
but bio accessibility depends on processing.

Includes storage and structural carbohydrates; polysaccharides
are biologically relevant.

Rich in PUFA fraction relative to total lipid content; includes
GLA.

Important source of iron, calcium, magnesium, phosphorus,
potassium, and trace elements.

Proteins ~ 50-70% dry weight
Carbohydrates = 15-20% dry weight
Lipids ~ 5-10% dry weight

Minerals /ash = 7-13% dry weight

C-phycocyanin dominant; . - L .
. . Responsible for characteristic colour, antioxidant potential,
Pigments chlorophyll and carotenoids also .

and technological value.

present
L B-group vitamins, provitamin A, . . . .
Vitamins Lo .. Vitamin B12-like corrinoids should not be assumed to

. vitamin E,and corrinoid . . o

corrinoid represent bioavailable human vitamin B12.

compounds
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2.3. Major Bioactive Compounds

The therapeutic and nutraceutical interest of Spirulina platensis arises from

multiple chemically distinct

fractions rather than a single active principle. Key bioactive classes include pigment-protein complexes
(e.g., C-phycocyanin), carotenoids, polyunsaturated fatty acids (such as GLA), phenolic compounds,
and sulphated polysaccharides like calcium spirulina (Bortolini et al., 2022; Gentscheva et al., 2023).
While their abundance and functional profiles vary depending on cultivation and extraction procedures,
these compounds collectively contribute to the biomass's potent antioxidant, anti-inflammatory, and
immunomodulatory properties (Spinola et al., 2024; Marjanovic et al., 2024). The principal bioactive
classes and their pharmacological relevance are comprehensively summarized in Table 2.

Table 2:Major bioactive compounds of Spirulina platensis and selected reported activities (Bortolini

et al., 2022; Marjanovié et al., 2024; Spinola et al., 2024; Ci

Representative

Compound class
examples

Principal reported activities

Antioxidant, Anti-inflammatory,

Phycocyanin C-phycocyanin immunomodulatory; linkedtocytokine

(C-PC) and enzyme-pathway modulation.
[B-carotene, lutein, .. . o
. . Antioxidant, activity, provitamin A
Carotenoids zeaxanthin, Y. P

] role, and natural colouring.
canthaxanthin g

GLA, linoleic, oleic,Lipid-metabolism support and anti-

Fatty acids N .
y palmitic acids inflammatory relevance.

. Phenolic acids and .. - .
Phenolic e Antioxidant, antimicrobial, and
flavonoid-like . i

compounds protective actions.
compounds
Sulphated Immunomodulatory,

Polysaccharides polysaccharides,

calcium spirulina

antiviral, and anti-inflammatory
potential.

ti et al., 2024).

Interpretive caution

Strong mechanistic and
preclinical support; human
translation is still limited.
Nutritional relevance is
established; most health claims
remain adjunctive or indirect.
Important despite modest

total lipid content; effects depend
on dose and formulation.
Quantification is highly
Dependent On extraction

and analytical method.
Scientifically promising, but
Evidence is stil predominantly
preclinical.
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2.4. Therapeutic and Nutraceutical Applications

The coexistence of high nutritional value and multiple classes of bioactive molecules gives Spirulina a
dual importance in both food and health-related applications (Bortolini et al., 2022; Marjanovi¢ et al.,
2024). While commonly incorporated into various dietary formulations, its enriched and purified
fractions—especially phycocyanin—are increasingly being developed as higher-value nutraceutical
ingredients for advanced functional support (Bortolini et al., 2022; Marjanovi¢ et al., 2024).

From a therapeutic perspective, Spirulina-derived compounds are currently better described as
preventive or supportive agents rather than established pharmaceutical drugs (Gentscheva et al., 2023;
Spinola et al., 2024). The literature associates its major fractions with antioxidant, immunomodulatory,
lipid-lowering, antidiabetic, and cardiometabolic effects; however, the strength of the evidence differs
substantially across outcomes and fractions (Gentscheva et al., 2023; Spinola et al., 2024). This
distinction is crucial for scientific accuracy, underscoring the critical need for advanced in silico and
molecular studies to explicitly map these generalized benefits onto specific therapeutic targets, such as
the COX and LOX inflammatory pathways.
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Chapter 11:  Inflammation, the COX/LOX Axis, and the Anti-inflammatory Potential of Spirulina platensis

2.1. Definition and Biological Role
Inflammation is a coordinated protective response of vascularized tissues triggered by infection,

tissue injury, or toxins, aiming to deliver leukocytes, eliminate harmful stimuli, and initiate tissue
repair (Medzhitov, 2008; Ding & Nathan, 2010). While a properly regulated inflammatory
response is essential for survival and innate immunity, unresolved or excessive mediator
production can become detrimental (Medzhitov, 2008; Savill & Serhan 2005). This dual nature
makes persistent inflammation a central driver in the development of various chronic disorders,
including cancer, autoimmune diseases, atherosclerosis, and neurodegenerative conditions (Ding
&Nathan, 2010; Medzhitov, 2008).

2.2. Types of inflammation

Inflammation is generally classified into two major forms: acute and chronic (Medzhitov,
2008; Ding & Nathan, 2010). These forms are distinguished by their onset, duration,
predominant cellular infiltrate, principal mediators, and tissue outcome (Ding & Nathan,
2010). Acute inflammation may resolve completely, heal with scar formation, or progress to
chronic inflammation if the underlying cause is not eliminated (Savill & Serhan, 2005; Ding
& Nathan, 2010). Although presented separately for clarity, acute and chronic inflammation
are best understood as parts of a continuous pathological spectrum (Ding & Nathan, 2010).

2.3. Acute inflammation

Acute inflammation develops rapidly, usually within minutes to hours, and lasts for a
relatively short period (Medzhitov, 2008; Ding & Nathan, 2010). It is characterised by
vasodilation, increased vascular permeability, exudation of plasma proteins, and the
early recruitment of neutrophils to the site of injury or infection (Medzhitov, 2008; Margraf
et al., 2022). This response is optimised for rapid containment: sentinel cells detect danger
signals, inflammatory mediators activate the endothelium, and neutrophils migrate through
postcapillary venules to phagocytose microorganisms and clear damaged tissue (Ley et al.,
2007; Margraf et al., 2022).

The outcome of acute inflammation may include complete resolution with restoration of
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normal tissue architecture, healing with minimal scar formation, or progression to chronic
inflammation (Ding & Nathan, 2010). Successful resolution depends on effective

elimination of the triggering stimulus, cessation of leukocyte recruitment, clearance of

apoptotic cells by macrophages, and a shift toward pro-resolving mediators and tissue repair
mechanisms (Figure.2) (Savill & Serhan, 2005).

NORMAL
Extracellular matrix Occasional resident

|
INFLAMED ' (@ Increased blood flow
I . 1
Arteriole dilation Expansion of capillary bed Venule dilation

sl

‘ (3@ Neutrophil emigration l (@ Leakage of plasma
: proteins —s edema

Figure 2: The major local manifestations of acute inflammation, compared to normal. (1) Vascular
dilation and increased blood flow (causing erythema and warmth); (2) extravasation and extravascular
deposition of plasma fluid and proteins (edema); (3)I leukocyte emigration and accumulation in the
site of injury: (Kumar et al., 2005).
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2.4. Chronic inflammation

Chronic inflammation is prolonged in duration and may result from persistent infections,
extended exposure to harmful agents, autoimmune reactions, defective resolution of acute
inflammation, or prolonged metabolic stress (Medzhitov, 2008; Ding & Nathan, 2010).
Histologically, it is associated with mononuclear cell infiltration, particularly by macrophages
and lymphocytes, as well as tissue destruction, angiogenesis, and fibrosis (Ding & Nathan,
2010).

Unlike acute inflammation, which is primarily a rapid vascular and neutrophil-driven response,
chronic inflammation is sustained by interacting cellular networks and self-amplifying mediator
loops (Ding & Nathan, 2010). Cytokines, growth factors, reactive oxygen species, and lipid
mediators promote continuous leukocyte recruitment, stromal activation, and extracellular
matrix remodelling (Medzhitov, 2008; Ding & Nathan, 2010). For this reason, chronic
inflammation is increasingly recognized not only as a consequence of infection or trauma, but

also as a major driving force in noncommunicable diseases (Ding & Nathan, 2010).

Table 3:Comparative features of acute and chronic inflammation Synthesised from

Comparative features of acute and chronic inflammation Synthesised from Medzhitov 2008, Ding &
Nathan 2010, Wynn & Vannella 2016, Kiss 2022.

Feature

Acute inflammation

Chronic
inflammation

Interpretive note

Onset and duration

Rapid onset; short-lived

Insidious or follows
an acute phase;

Persistence of the trigger
or failed resolution

prolonged Favors chronicity

Macrophages, Cell composition reflects
Dominant cells Neutrophils lymphocytes, and both stage and

plasma cells mechanism

Vascular changes

Marked exudation,
edema, and vasodilation

Ongoing endothelial

Activation with
remodelling

Chronic lesions may still
contain superimposed
acute vascular activity

Main goals

Containment and
elimination of the insult

Control of persistent
insult plus tissue
adaptation

Repair and injury often
coexist in the same lesion

Typical outcomes

Resolution, abscess,
scar formation, or
progression

Tissuedestruction,
angiogenesis, and
fibrosis

Chronic inflammation is
strongly linked to organ

dysfunction
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2.5. Mechanisms of inflammation
The classical signs of inflammation are heat (Calor), redness (rubor), swelling (tumour),

pain (dolour), and loss of function (function lease) (Medzhitov, 2008). These features are
not isolated manifestations but visible expressions of underlying vascular and molecular
events. Redness and heat result primarily from arteriolar vasodilation and increased local
blood flow, whereas swelling arises from vascular leakage and the exudation of fluid and
plasma proteins into tissues (Medzhitov, 2008; Ding & Nathan, 2010). Pain is intensified
by mediators such as prostaglandins and bradykinin acting on sensory nerve endings, while
loss of function reflects the combined effects of pain, deem, tissue injury, and altered local
physiology (FitzGerald & Ricciotti, 2011; Medzhitov, 2008).

Mechanistically, inflammation begins when tissue-resident sentinel cells, especially
macrophages, mast cells, dendritic cells, and epithelial or endothelial cells, recognize
pathogen-associated molecular patterns (PAMPs)or damage-associated molecular patterns
(DAMPs) (Medzhitov, 2008; Lawrence, 2009). This recognition activates intracellular
signalling pathways, particularly NF-kB, MAPK, and IRF-dependent pathways, which in
turn stimulate the production of cytokines, chemokines, prostaglandins, nitric oxide, and
other inflammatory mediators (Lawrence, 2009; Zhang et al., 2017).

These mediators initiate the vascular phase of inflammation by promoting vasodilation,
endothelial activation, and increased permeability in postcapillary venules (Medzhitov,
2008). Endothelial cells then express selectins, integrin ligands, and chemokine-presenting
molecules, enabling leukocytes to roll, adhere firmly, crawl, and migrate from the
bloodstream into the tissues (Ley et al., 2007). Once in the extravascular compartment,
leukocytes phagocytose microbes and debris, release antimicrobial substances, and shape the
progression and outcome of the inflammatory response (Margraf et al., 2022; Ding &
Nathan 2010).

When the harmful trigger is removed, anti-inflammatory and pro-resolving pathways
restore tissue balance (Savill & Serhan, 2005). If the trigger persists, however, the same
processes intensify tissue damage and contribute to fibrosis, angiogenesis, fibroblast
activation, and chronic inflammation (Ding & Nathan, 2010). Inflammatory signs therefore

reflect the external manifestation of a highly organized cellular and molecular network
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(Figure 3) (Medzhitov, 2008; Ding & Nathan, 2010).

Cytokines

Chemokines

Costmulatory molecules Histamine Mast cell
Proteases
Prastaglandins
Loukotrienes
Chemokines

Connective tissue Dandritic cell (_’ Cytokines

Cytokines @
-+-— Adhesive proteins —»

Nitric oxide

Vessed . Monocyte
e 9
@
.. Plasma proteins

Platelets Granulocyte

Endothelium gl
Basement membrane
Smooth muscle

1

Nitric oxide Prostaglandins

Cytokines — - Cytokines

Chemokines Collagenase

Proteases Collagen

Leukotnenes Proteases
Macrophage Fibroblast

Figure 3 :Simplified sequence of the inflammatory response. (Newton & Dixit, 2012).

2.6. Cells involved in inflammation
Inflammation is carried out by both resident tissue cells and recruited blood-derived leukocytes

(Medzhitov, 2008; Ding & Nathan, 2010). Resident macrophages, dendritic cells, mast cells,
fibroblasts, epithelial cells, and endothelial cells act as the first sensors and coordinators of the
response (Medzhitov, 2008). Upon recognizing microbial components or tissue injury, these cells
rapidly release alarm mediators that initiate both the vascular and cellular phases of inflammation
(Medzhitov, 2008; Lawrence, 2009).

Neutrophils are the predominant effector cells of early acute inflammation (Margraf et al., 2022).
Recruited rapidly through the leukocyte adhesion cascade, they participate in phagocytosis,
degranulation, reactive oxygen species production, and the formation of neutrophil extracellular
traps (NETS) (Ley et al., 2007; Margraf et al., 2022). Although these mechanisms are essential
for antimicrobial defence, excessive neutrophil recruitment or delayed clearance can result in
significant collateral tissue damage (Margraf et al., 2022).

Monocytes and macrophages dominate the later stages of inflammation and most forms of chronic
inflammation. Macrophages are highly versatile cells that remove debris, regulate cytokine
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production, and direct processes such as angiogenesis, fibrosis, tissue repair, and persistent

inflammation according to the local microenvironment. Their central role explains why unresolved

macrophage activation is closely linked to chronic inflammatory remodelling (Ding & Nathan,

2010).

Lymphocytes become especially important in chronic inflammation and immune-mediated

disorders T lymphocytes modulate macrophage activation and cytokine patterns, whereas B

lymphocytes and plasma cells contribute to antigen-specific responses and sustain long-term

inflammatory microenvironments (Ding & Nathan, 2010). In addition, eosinophils, basophils,

mast cells, platelets, and stromal cells may play significant roles in specific settings such as allergy,

parasitic infection, vascular injury, and fibrosis (Medzhitov, 2008; Ding & Nathan, 2010).

Table 4: Major cells involved in inflammation and their principal roles (Ley et al., 2007; Kolaczkowska
& Kubes, 2013; Mantovani et al., 2019; Wynn & Vannella, 2016).

Cell type When prominent ]Ic\/laln_ T AN O03] Potential downside
unctions
Cytokine production,
Early sensing, chronic lesions, | phagocytosis, and Persistent activation
Macrophages . : . . L
and repair orchestration of repair sustains chronic injury
and fibrosis
Histamine release,
Mast cells Immediate local response and eicosanoid production, | Edema and
allergy and vascular activation |hypersensitivity reactions
Neutrophils  |Acute inflammation Phagocytosis, ROS Collateral tissue damage
generation, granule
enzymes, and NET
formation
Monocytes  [Transition to later acute and| Differentiate into Amplification of chronic
chronic phases macrophages, produce |inflammation
cytokines, and clear
debris
Lymphocytes (Chronic inflammation Cytokine polarization  Immune-mediated tissue
and autoimmunity and antigen-specific damage
responses
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2.7. Nitric oxide, reactive oxygen species, and oxidative stress
Nitric oxide (NO)and reactive oxygen species (ROS)occupy an ambivalent position in

inflammatory biology. At controlled levels, both act as signalling and host-defence mediators; at
excessive levels, they drive oxidative and nitrosative stress, tissue injury, and amplification of
inflammatory cascades (Sharma et al., 2007; Mittal et al., 2014). Oxidative stress is therefore
best understood not simply as the presence of free radicals, but as a disturbance in the balance
between oxidant production and antioxidant defences (Gutteridge & Halliwell, 2015; Pisoschi &
Pop, 2015).

Physiological NO, especially endothelium-derived NO, supports vascular homeostasis and helps
limit platelet and leukocyte adhesion. By contrast, inducible nitric oxide synthase (iNOS)in
activated macrophages and other inflammatory cells can generate much larger quantities of NO
with antimicrobial and immunomodulatory functions. When excessive NO reacts with superoxide,
reactive nitrogen species are formed, thereby increasing cellular damage and inflammatory
signalling (Sharma et al., 2007; Mittal et al., 2014).

ROS are generated physiologically during mitochondrial metabolism and are produced more
abundantly during leukocyte activation, especially through NADPH oxidase-dependent
respiratory bursts. In moderate amounts they participate in redox signalling; in excess they oxidize
lipids, proteins, and nucleic acids, disrupt endothelial integrity, and activate redox-sensitive
transcriptional pathways such as NF-kB. Antioxidant systems, including enzymatic defences and
small-molecule scavengers, are therefore essential for limiting the shift from adaptive
inflammation to chronic tissue damage (Gutteridge & Halliwell, 2015; Mittal et al., 2014;
Santos-Sanchez et al., 2019).
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Table 5: Selected inflammatory mediators, principal cellular sources, and dominant actions
(Sharma et al., 2007; FitzGerald & Ricciotti, 2011; Mittal et al., 2014Mantovani et al., 2019;
Silva et al., 2019; Tanaka et al., 2021).

Mediator Principal source(s) Dominant actions
Endothelial activation, fever,chemokine
Macrophages, mast cells, induction, and leukocyte recruitment
and endothelium
TNF/IL-1
Acute-phase response and chronic
Macrophages, stromal cells, inflammatory amplification
and immune cells
IL-6

Prostaglandins

Leukocytes, mast cells,

and endothelium

Pain, fever, vasodilation,

and vascular modulation

Neutrophils, macrophages, and

Proteases, ROS, granule proteins, and

Eosinophils cytokine release

Leukocyte

products

Vaso regulation, antimicrobial activity,

Endothelium and activated and inflammatory signalling
Macrophages

NO
Activated neutrophils, Microbial killing, redox signalling, and
macrophages, and mitochondria | 0Xidative tissue injury

ROS
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2.8. Arachidonic acid as a precursor of inflammatory mediators
Arachidonic acid (AA)is a 20-carbon omega-6 polyunsaturated fatty acid that is usually stored in

esterified form at the sn-2 position of membrane phospholipids. During cell activation triggered
by cytokines, microbial products, immunological receptors, or mechanical injury, phospholipase
A2 releases free AA, thereby generating the substrate pool required for downstream eicosanoid
synthesis. In this context, AA functions not as an inert structural lipid, but as a rapidly mobilized
precursor for inflammatory signalling (Dennis & Norris, 2015; Wang et al., 2021).

Free arachidonic acid is metabolized through three principal enzymatic systems: cyclooxygenases,
lipoxygenases, and cytochrome P450 enzymes. In inflammation research, however, the COX and
LOX branches receive the greatest attention because they generate proteinoids, leukotrienes,
HETEs, and lipoxins that directly regulate vascular changes, nociception, cell trafficking, and the
shift from inflammatory initiation to resolution (Dennis & Norris, 2015; Wang et al., 2021). The
following schematic illustrates the mobilization of arachidonic acid and its branching into the COX
and LOX pathways (Figure 4).
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Figure 4: Overview of arachidonic acid metabolism pathways showing liberation of AA from membrane
phospholipids and its downstream conversion through cyclooxygenase and lipoxygenase pathways into

major inflammatory mediators (Wang et al., 2021).
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Inflammation emerges from this chapter as a multilevel process involving vascular responses,
leukocyte recruitment, cytokine networks, lipid mediators, and redox dysregulation.
Understanding these interacting components is essential for evaluating natural products claimed
to be anti-inflammatory. In the context of the present thesis, arachidonic acid is the key
biochemical bridge between general inflammatory biology and the specific COX/LOX-cantered

mechanisms examined in the subsequent sections.

2.9. Cyclooxygenase (COX)Pathway
2.9.1. Definition

The cyclooxygenase (COX)pathway is the critical enzymatic branch of arachidonic acid
metabolism responsible for generating proteinoids, which act locally as potent mediators of
inflammatory activation (Rouzer & Marnett, 2009). This pathway serves as a central biochemical
mechanism that translates cellular injury or immune recognition into active lipid signalling
molecules.

2.9.2. The COX-2 Isoform and Pharmacological Targeting

While multiple isoforms exist within this pathway, COX-2 is the principal inducible enzyme
strongly upregulated by inflammatory stimuli, cytokines, growth factors, and endotoxins (Marnett
& Rouzer, 2009; FitzGerald & Ricciotti, 2011). Because COX-2 expression is fundamentally
linked to the amplification of the inflammatory response, pain sensitisation, and subsequent tissue
pathology, it represents a central pharmacological target. Consequently, inhibiting COX-2 is a
major therapeutic strategy for controlling inflammatory disorders, making this specific isoform the
direct focal point for the computational molecular docking evaluations in this study (FitzGerald
& Ricciotti, 2011).

2.9.3. Products of the COX Pathway and Role in Inflammation

The primary functional outcome of COX-2 activation during inflammation is the conversion of
PGHz: into specific proteinoids, dominated by prostaglandin Ez (PGE-:) (FitzGerald & Ricciotti,
2011). While various proteinoids participate in baseline tissue homeostasis, PGE: is widely
recognized as the principal pro-inflammatory mediator synthesised downstream of inducible
COX-2 (Marnett & Rouzer, 2009).
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During tissue injury or immune activation, the rapid upregulation of COX-2 leads to an excessive
production of PGE.. This specific mediator contributes substantially to the cardinal signs of
inflammation by promoting local vasodilation, increasing vascular permeability (leading to deem),
and directly sensitizing peripheral nociceptors to cause pain (Stock et al., 2001; FitzGerald &
Ricciotti, 2011). Furthermore, PGE: acts centrally within the hypothalamus to induce pyrexia
(fever). Because the COX-2/PGE: axis is the primary driver of inflammatory hyperalgesia and
swelling, characterizing the molecular disruption of this specific pathway remains a chief
therapeutic objective, validating its selection for target-based molecular docking in this research
(FitzGerald & Ricciotti, 2011; Schmid & Briine, 2021).

2.10. Lipoxygenase (LOX)Pathway
2.10.1. Definition

The lipoxygenase (LOX)pathway is the major alternative enzymatic route for arachidonic acid
metabolism. It represents a parallel biochemical cascade that translates mobilized free arachidonic
acid into active lipid mediators, functioning alongside the COX pathway to regulate complex

immune and inflammatory responses.

2.10.2. The 5-LOX Isoform and Pharmacological Targeting

While several LOX isoforms exist in mammalian cells, 5-lipoxygenase (5-LOX) is the most
critical enzyme in the context of inflammation and immune regulation (Remark et al., 2015).
Crucially, the selective pharmacological blockade of the COX-2 pathway alone often leads to the
"shunting” of excess arachidonic acid toward the uninhibited 5-LOX pathway, which can
exacerbate inflammation (Martel-Pelletier et al., 2003). Therefore, simultaneously targeting 5-
LOX alongside COX-2 (dual inhibition) represents a safer and more comprehensive anti-

inflammatory strategy.
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2.10.3. Downstream Products and Inflammatory Role

Upon cellular activation, 5-LOX catalyses the conversion of arachidonic acid into 5-HPETE,
which is subsequently transformed into leukotriene A4 (LTA4). This unstable intermediate is then
converted into highly active downstream lipid mediators, primarily leukotriene B4 (LTBa4) and the
cysteinyl leukotrienes (LTCa, LTDa4, and LTE4) (Dennis & Norris, 2015).

These 5-LOX-derived leukotrienes are profoundly pro-inflammatory. LTB. is one of the most
potent known chemotactic agents; it vigorously drives the recruitment, adhesion, and activation of
neutrophils and macrophages at the site of tissue injury. Meanwhile, cysteinyl leukotrienes
significantly increase vascular permeability and induce smooth muscle contraction (Remark et
al., 2015). Together, these products amplify tissue damage and sustain the inflammatory

microenvironment.

2.11. Pharmacological Importance of COX/LOX Modulation
The cyclooxygenase pathway has long been recognized as a major pharmacological target. Aspirin

and conventional non-selective nonsteroidal anti-inflammatory drugs (NSAIDs)reduce pain, fever,
and inflammatory swelling by inhibiting proteinoid synthesis, yet the same mechanism also
suppresses protective COX-1-derived proteinoids in the stomach, kidney, and platelets, thereby
explaining much of their gastrointestinal and bleeding toxicity (FitzGerald & Ricciotti, 2011).
Selective COX-2 inhibitors were designed to reduce part of this problem, but cardiovascular
concerns emerged when vascular prostacyclin was reduced without a corresponding inhibition of
platelet thromboxane (FitzGerald & Ricciotti, 2011).

The lipoxygenase pathway is likewise therapeutically relevant. The clinical use of leukotriene-
targeted therapies demonstrates that suppression of leukotriene signalling can be beneficial,
especially in airway inflammation. Even so, LOX-directed therapy has not achieved the breadth
of NSAID use, and its translational success remains more context-dependent (Henderson &
Peters-Golden, 2007; Sala et al., 2018).

An important medicinal-chemistry concept is dual COX/5-LOX inhibition. The rationale is that
selective blockade of only one branch of arachidonic acid metabolism may leave the other branch
unopposed or even favour metabolic shunting; dual modulation therefore aims to broaden anti-
inflammatory coverage while reducing some limitations of single-pathway inhibition. Although

this approach has not become routine clinical practice, it remains a significant research direction
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and provides a useful conceptual framework for evaluating natural products with multipath way
effects Figure 5 (Sala et al., 2018; Chatzipieris et al., 2026).

Rationale for Dual COX/LOX Inhibition
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Figure 5: The schematic below summarizes major pharmacological intervention points within
the COX/LOX inflammatory axis (Chatzipieris et al., 2026).

2.12. Anti-Inflammatory Activity of Spirulina platensis and its Bioactive Compounds
Spirulina platensis and its enriched fractions have demonstrated robust anti-inflammatory

potential across various in vitro and in vivo models. Studies consistently indicate that Spirulina
extracts significantly suppress the production of pro-inflammatory mediators, including nitric
oxide (NO), TNF-a, and IL-6, primarily through the downregulation of inducible enzymes such as
INOS and COX-2 (Bortolini et al., 2022; Marjanovi¢ et al., 2024). Crucially, the literature has

identified several specific candidate bioactive molecules responsible for these effects, most
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notably C-phycocyanin, alongside other compounds such as emoting A, palmitic amide, and 1-

monopalmitin (Ngu et al., 2022; Spinola et al., 2024).

At the molecular level, these anti-inflammatory properties are closely intertwined with the

attenuation of NF-«B signalling and the reduction of oxidative stress (Citi et al., 2024). The most

mechanistically relevant finding for the present research is the consistent observation that

Spirulina-derived compounds can preferentially inhibit COX-2 expression and significantly lower

PGE:-: levels. While empirical evidence for direct LOX modulation is still emerging, the combined

multi-target potential of these bioactive molecules provides a strong rationale for evaluating them

computationally against the COX/LOX inflammatory axis (Bortolini et al., 2022; Spinola et al.,

2024).

Table 6:Comparative appraisal of anti-inflammatory evidence across Spirulina preparations
(Reddy et al. 2000, Pham et al. 2016, Wang et al. 2022, Bigagli et al. 2023, Fernandes et al.
2023, Citi et al. 2024, &Mousavi et al. 2025.

Fraction
studied

Whole biomass

Aqueous extract

Methanolic
extract

C-phycocyanin

Model

Mainly in vivo;
limited clinical
studies

In vitro and in
Vivo

Mostly in vitro

In vitro and in
vivo; indirect
human relevance

Main markers
affected

CRP, IL-6, TNF-a,
MDA, total
antioxidant capacity;
symptom
improvement

in selected conditions

TNF-a, IL-6, NO,
INOS, ROS, epithelial
barrier-related markers

INOS, COX-2, PGE-,

IL-1p and NLRP3-
related readouts

COX-2, PGE.,

TNF-a, IL-6, INOS,
ROS; limited direct

Evidence for LTB4
Modulation

Strength of
evidence

Moderate but
clinically
heterogeneous

Moderate
preclinical
evidence

Moderate but
Strain dependent

Strongest
preclinical
evidence

Major limitation

Formulation, dose,
composition, and
pooled clinical
effects remain
heterogeneous across
studies and meta-
analyses

Chemical composition
is often incompletely
characterised

Marked extract-
specific variability
limits generalization

Bioavailability and
stability remain
formulation-sensitive;
direct LOX evidence
remains limited
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Chapter 1 Materials and Methods

This work was carried out at the research laboratory "Antibiotics and Antifungals:
Physic-chemistry, Synthesis and Biological Activity", the teaching laboratory "Biochemistry
Unit", and the animal facility of the Faculty of Natural and Life Sciences, Earth and Universe

Sciences, Abou Bakr Belkaid University, Telemen.

1. Study Design

This study was designed as a combined experimental and computational investigation
of the biological potential of Spirulina extracts. The work was organized into three
complementary parts: an in vitro study, an in vivo anti-inflammatory evaluation, and an in silico
molecular docking analysis.

First, crude hydro-methanolic extracts were prepared from dried Spirulina biomass
using two extraction methods: maceration at room temperature and decoction under heating.
These extracts were then subjected to in vitro analyses, including phytochemical screening,
determination of phenolic compounds, antioxidant activity assays, and evaluation of anti-
inflammatory activity using the protein denaturation inhibition method.

Second, the in vivo part was carried out to evaluate the anti-inflammatory effect of
Spirulina extract in an experimental rat model. The treated groups were compared with control
groups in order to assess the macroscopic inflammatory response after treatment.

Finally, the in-silico part was performed using molecular docking in order to investigate
the possible interactions between selected Spirulina-associated bioactive compounds and
inflammation-related molecular targets, namely cyclooxygenase-2 (COX-2) and
5-lipoxygenase (5-LOX). ADMET prediction was also included as a complementary
computational approach to estimate preliminary pharmacokinetic and toxicity-related
properties of the selected compounds. Figure 6.

Page 26



Chapter 1 Materials and Methods
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Figure 6: Experimental workflow of the study
2. Biological Material

Commercial Spirulina powder was used as the biological material in this study. The
sample was purchased in dried powdered form from a local commercial supplier in Algeria. It
was stored in a clean, dry container, protected from light and humidity until extraction. The
powder was used as the starting material for the preparation of crude hydro-methanolic extracts
(Figure 6).
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3. Preparation of Spirulina Extracts

Commercial Spirulina powder was used for the preparation of crude hydro-methanolic
extracts, for each extraction method, 5.00 g of Spirulina powder were mixed with 100 mL of
solvent composed of 70 mL methanol and 30 mL distilled water (70:30, v/v).

Two extraction methods were applied. The first method consisted of maceration at room
temperature for 24 h. The second method consisted of decoction at the boiling temperature of
the extraction mixture for approximately 45 min. Both mixtures were then filtered through filter
paper and then dried in an incubator at 35° petri box. The dry crude extracts were placed in

labeled containers and stored at -20 °C until further in vitro and in vivo analyses. Figure 7.

Figure 7: Laboratory photographs of dried Spirulina and. Schematic workflow used to obtain
and store dry Spirulina extracts

4. Phytochemical analysis

The in vitro part of this study was carried out to evaluate the chemical composition
included qualitative phytochemical screening and quantitative determination of phenolic

compounds.

4.1. Phytochemical Screening

Quialitative phytochemical screening was carried out in order to detect the main classes of
secondary metabolites present in the Spirulina extracts. The tests were based on colour
reactions, precipitation reactions and observation under ultraviolet light, according to standard
phytochemical methods described in the literature. This analysis was carried out according to
the techniques described by Bruneton, (1999) Harborne (1998).
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The tested extracts were evaluated for the presence of alkaloids, tannins, flavonoids, free

quinones, anthraquinones, coumarins, saponins, terpenoids and reducing compounds,

- Alkaloids: 0.5 mL of Spirulina extract was placed in two test tubes. The medium was
acidified with a few drops of HCI (1%). Then, 0.5 mL of Mayer reagent was added to the first
tube and 0.5 mL of Wagner reagent to the second tube. The formation of a white or brown
precipitate indicates the presence of alkaloids.

- Tannins: 1 mL of Spirulina extract was mixed with 0.25 mL of FeCls (1%). After incubation
at room temperature for 15 min, the appearance of a greenish or dark blue colouration indicates

the presence of tannins.

- Flavonoids: 1 mL of extract was mixed with concentrated HCI and magnesium chips. The
development of a pink, red or yellow colouration confirms the presence of flavonoids.
- Free quinones: 1 mL of extract was treated with 0.1 mL of NaOH (1%). A colour change

toward yellow, red or purple indicates their presence.

- Anthraquinones: 1 mL of extract was mixed with 1 mL of NH4sOH (10%) and shaken. A

purple colouration indicates anthraquinones.

- Coumarins: The extract was tested under UV light at 366 nm with and without NH4OH

treatment. Strong fluorescence indicates the presence of coumarins.

- Saponins: 10 mL of extract was shaken for 15 seconds and left to stand for 15 min. Persistent

foam higher than 1 cm indicates saponins.

- Terpenoids: Salkowski and Liebermann—Burchard tests were performed. Formation of a

brown interphase or violet colouration indicates terpenoids.

- Reducing compounds: 1 mL of Fehling’s solution was added to 1 mL of extract and heated

in a boiling water bath for 8 min. A brick-red precipitate indicates reducing compounds

4.2. Determination of Phenolic Compounds

4.2.1. Determination of Total Polyphenols
The total phenolic content of Spirulina extracts was determined using the Folin—Ciocalteu

calorimetric method (Rossi & Singleton, 1965). This assay is based on the oxidation of
phenolic compounds in alkaline medium, resulting in the formation of a blue complex whose

intensity is proportional to the concentration of phenolics present in the sample.
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According to the described protocol, 0.1 mL of Spirulina extract (1 mg/mL) was mixed with 2
mL of sodium carbonate solution (2%). After a short incubation period of 5 minutes, 0.1 mL of
Folin—Ciocalteu reagent (1N) was added. The mixture was then incubated for 30 minutes at
room temperature in the dark. The absorbance was measured at 700 nm against a blank using a
UV-Visible spectrophotometer.

A calibration curve was prepared using gallic acid at different concentrations (30-500 pg/mL)
under the same experimental conditions. The total phenolic content was expressed as
milligrams of gallic acid equivalent per gram of extract (mg GAE/g E).

4.2.2. Determination of Flavonoids

The total flavonoid content of Spirulina extracts was determined using a colourimetry method
based on the formation of a flavonoid-aluminium complex under alkaline conditions, as
described by (Zhishen et al. 1999). The intensity of the resulting pink colouration is
proportional to the flavonoid concentration in the sample.

According to the described protocol,250 pL of Spirulina extract (1 mg/mL) was mixed with 1
mL of distilled water, followed by the addition of 75 pL of sodium nitrite (NaNO-, 15%). After
6 minutes of incubation at room temperature, 75 pL of aluminium chloride (AICls, 10%) was
added. After another 6 minutes, 1 mL of sodium hydroxide (NaOH, 4%) was introduced, and
the final volume was adjusted to 2.5 mL with distilled water.

The mixture was shaken and incubated for 30 minutes at room temperature in the dark. The
absorbance was measured at 510 nm using a UV-Visible spectrophotometer.

A calibration curve was constructed using catechin as a standard at different concentrations (1
500 pg/mL). The total flavonoid content was expressed as milligrams of catechin equivalent

per gram of extract (mg CE/g E).

4.2.3. Determination of Condensed Tannins
The content of condensed tannins in Spirulina extracts was determined using the vanillin-HCI

assay (Broadhurst & Jones, 1978; Sun et al., 1998). This method is based on the reaction
between vanillin and condensed tannins in an acidic medium, leading to the formation of red-
coloured anthocyanidin compounds whose intensity is proportional to the tannin concentration.
According to the described protocol, 50 pL of Spirulina extract (1 mg/mL) was mixed with 1.5
mL of vanillin solution (4% in methanol). The mixture was vortexed, followed by the addition
of 750 uL of concentrated hydrochloric acid (HCI, 35%). The reaction mixture was incubated
for 20 minutes at room temperature.

The absorbance was measured at 550 nm using a UV-Visible spectrophotometer.
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A calibration curve was prepared using catechin as a standard at different concentrations (100—
1000 pg/mL). The results were expressed as micrograms of catechin equivalent per milligram

of extract (ug CE/mg E).

5.1. DPPH Radical Scavenging Assay
All phytochemical analyses and in vitro biological activity assays were performed in triplicate

(n=3). The results were expressed as mean values + standard deviation (SD).

The antioxidant activity of Spirulina extracts was evaluated using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging assay, following the method described by (Brand-Williams
et al. 1995). This method is based on the ability of antioxidants present in the extract to reduce
the stable purple DPPH radical into a yellow-coloured compound, with a decrease in absorbance
proportional to antioxidant activity.

Briefly, 50 pL of Spirulina extract at different concentrations (0.2—2 mg/mL) was added to 1950
pL of freshly prepared DPPH solution in methanol (0.0025 g in 100 mL methanol). For each
concentration, a blank containing the extract and methanol without DPPH was prepared. A
negative control consisting of DPPH solution and methanol without extract was also included.
Ascorbic acid was used as a positive control under the same experimental conditions.
The mixtures were incubated for 30 minutes in the dark at room temperature. The absorbance
was then measured at 517 nm using a UV-Visible spectrophotometer.

The percentage of radical scavenging activity was calculated using the following equation:

I (%) = [(A control — A sample)/ A control] x 100

The IC50 values were determined from the DPPH inhibition curves using the experimental
points surrounding 50% inhibition. The IC50 represents the concentration of extract required
to achieve 50% inhibition of DPPH radicals.

5.2. Ferric Reducing Power Assay
The reducing power of Spirulina extracts was evaluated using the potassium ferricyanide

reduction method as described by (Oyaizu 1986). This assay is based on the ability of
antioxidants to reduce ferric ions (Fe**) to ferrous ions (Fe?*). The increase in absorbance
indicates a higher reducing (antioxidant)capacity of the tested extract.

To perform this assay, 100 pL of Spirulina extract at different concentrations (0.2-2 mg/mL)
was mixed with 250 uL of phosphate buffer solution (0.2 M, pH 6.6) and 250 uL of potassium

ferricyanide solution (KsFe (CN)s, 1%). The mixture was incubated at 50 °C for 20 minutes.
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After incubation, 250 pL of trichloroacetic acid (TCA, 10%) was added to stop the reaction,
and the mixture was centrifuged at 3000 rpm for 10 minutes. Then, 500 pL of the supernatant
was mixed with 500 pL of distilled water and 100 pL of ferric chloride (FeCls, 0.1%).
The absorbance was measured at 700 nm using a UV-Visible spectrophotometer against a blank
prepared without extract.

Ascorbic acid was used as a positive control under the same experimental conditions. The
reducing power was expressed as an increase in absorbance, and EC50 values were determined

graphically when applicable.

6. Protein Denaturation Inhibition Assay
The in vitro anti-inflammatory activity of Spirulina extracts was evaluated using the protein

denaturation inhibition assay. This method is based on the ability of the tested extracts to
prevent heat-induced denaturation of proteins, which is one of the mechanisms involved in
inflammatory processes (Williams et al., 2008).

According to the described protocol, 0.5 mL of bovine serum albumin (BSA, 1%) was mixed
with 0.5 mL of Spirulina extract at different concentrations. For the negative control, the extract
was replaced with the corresponding solvent. Diclofenac sodium was used as a reference anti-
inflammatory drug under the same experimental conditions.

The mixtures were incubated at 37 °C for 15 minutes, followed by heating at 70 °C for 5 minutes
to induce protein denaturation. After cooling to room temperature, the absorbance was
measured at 660 nm using a UV-Visible spectrophotometer (Chandra et al., 2012).

The percentage of inhibition of protein denaturation was calculated using the following
equation:

The percentage of inhibition of protein denaturation was calculated using the following
equation: % Inhibition = [(A control — A sample)/ A control] x 100

Where A control represents the absorbance of the negative control and A sample represents the

absorbance of the tested extract or standard drug.

Page 32



Chapter 1 Materials and Methods

7. In Vivo Anti-inflammatory Study
The in vivo anti-inflammatory activity of Spirulina extract was evaluated using an experimental

rat model in order to confirm the biological effects observed in vitro. The study was conducted
by comparing treated and control groups under standardized laboratory conditions (Gargouri
et al., 2016).

7.1. Experimental Animals

Healthy adult Wistar rats were used in this study. The animals were maintained under standard
laboratory conditions with controlled temperature, humidity and a 12 h light/dark cycle. They
had free access to food and water throughout the experiment. Prior to the experimental

procedures, the animals were acclimatized for an adaptation period.

7.2. Experimental Design and Grouping

The rats were randomly divided into experimental groups, including a positive control group
treated with a reference anti-inflammatory drug, and treatment groups receiving different doses
of Spirulina extract.

Each group was composed of an equal number of animals to ensure statistical reliability.

Table 7: Experimental groups and treatment conditions

Group Animals Treatment condition

Groupl |RatlandRat2 | Spirulina extract-treated group

Group2 | Rat3andRat4 | Positive control treated with the reference anti-inflammatory

drug

7.3. Induction of Inflammation

Inflammation was experimentally induced using a standardized mechanical stimulus, In the
mechanical model, controlled tissue injury was produced to initiate a similar inflammatory
cascade characterised by local vascular and cellular responses. The successful induction of
inflammation was confirmed by the appearance of classical clinical signs, including erythema
(redness), edam (swelling), increased local temperature, and tenderness at the treated site. The
intensity of these inflammatory manifestations served as the primary parameter for evaluating

the anti-inflammatory efficacy of the tested Spirulina extracts.
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7.4 \Wound diameter and surface calculation

The wound surface was calculated from the wound diameter using the circular wound
approximation: A = pi x (d/2) ~2, where A is the estimated wound surface in cm? and d is the
wound diameter in cm. Day 1 and Day 4 values correspond to the recorded wound diameters.
Day 8, Day 12, and Day 16 values were estimated from standardized wound photographs
because the images do not contain a visible ruler. Therefore, these later values should be

interpreted as approximate photographic estimates and not as direct calliper measurements

7.5. Evaluation of Anti-inflammatory Activity

The anti-inflammatory effect was evaluated by monitoring the reduction of inflammation over
time. Measurements were based on the decrease in deem, lesion size or inflammatory response
depending on the experimental model used.

The percentage of inhibition of inflammation was calculated using the following equation:

% Inhibition = [(Inflammation control — Inflammation treated)/ Inflammation control] x 100

Figure 8: Test of anti-inflammatory activity in rats (A: Application of spirulina,)

8. In Silico Molecular Docking Study

The in silico molecular docking study was performed to explore the potential interactions
between selected bioactive compounds from Spirulina and key inflammatory target proteins.
This computational approach was used as a complementary tool to support and interpret the
experimental findings obtained from in vitro and in vivo studies.

Molecular docking is a structure-based computational method used to predict the preferred
orientation of a ligand when bound to a target protein, as well as to estimate the strength and

stability of the resulting complex. This approach provides insight into possible molecular
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mechanisms underlying biological activity.

In this study, docking simulations were focused on two major inflammatory enzymes,
cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX), which are key mediators in the

inflammatory pathway

The 3D crystallographic structures of the target enzymes, COX-2 (PDB ID: 5KIR) and 5-LOX,
were retrieved from the Protein Data Bank (Berman et al., 2000; Orlando & MalkowskKi,
2016). The 3D structures of the studied ligands were obtained from the PubChem database
(Kim et al., 2021). The molecular docking simulations were performed using the grid-based
CDOCKER algorithm (Wu et al., 2003) implemented in BIOVIA Discovery Studio (Dassault
Systémes, 2021). The reliability of the docking protocol was strictly validated by calculating
the RMSD, considering a threshold of < 2.0 A as the universally accepted standard for accurate

pose prediction (Hevener et al., 2009).""

9. COX-2 Docking Study
9.1. Target Protein: COX-2

The cyclooxygenase-2 (COX-2) enzyme was selected as a primary molecular target for the
docking study due to its well-established role in the inflammatory process. COX-2 is an
inducible enzyme involved in the conversion of arachidonic acid into prostaglandins, which are

key mediators of inflammation, pain, and fever.

The three-dimensional structure of COX-2 was retrieved from the Protein Data Bank (PDB).
The selected structure was chosen based on its high resolution and biological relevance for

inhibitor binding studies.

To ensure clarity and reproducibility, COX-2 docking was performed independently from other
targets, and all subsequent preparation and analysis steps were specifically applied to this

protein only .
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Figure 9: Three-dimensional structure of the COX-2 receptor selected for docking.

9.2. Ligand Selection for COX-2

The ligands selected for COX-2 docking were categorized into three groups based on their role
in the study: a native ligand for validation purposes, a reference inhibitor, and Spirulina-derived

bioactive compounds.

Rofecoxib was used as the native ligand for docking validation in order to confirm the accuracy
of the docking protocol by reproducing the binding mode within the COX-2 active site.

Celecoxib, a well-known selective COX-2 inhibitor, was included as a clinical reference

compound for comparative purposes.

The remaining ligands, namely gamma-linolenic acid, phycocyanobilin, zeaxanthin, and beta-
carotene, were selected as Spirulina-derived bioactive candidates based on their well-
documented antioxidant and anti-inflammatory properties in the literature (Soni et al., 2015;
Wau et al., 2016). These compounds were subsequently evaluated for their potential interaction
with the COX-2 active site. (Figure 13).

All ligand structures were obtained from the PubChem database and prepared for molecular

docking analyse
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A: Rofecoxib before preparation B: Celecoxib before preparation

C : phycocyanobilin before preparation D: Gamma-linolenic acid before

preparation

E: eta-carotene before preparation F: Zeaxanthin before preparation

Figure 70:Ligand before Preparation
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9.3. COX-2 Protein Preparation

The three-dimensional structure of COX-2 was retrieved from the Protein Data Bank (PDB ID:
5KIR). After inspection of the crystallographic structure, chain B was selected as the receptor
chain for molecular docking studies. Other chains, water molecules, and non-essential

crystallographic components were removed before protein preparation.
The prepared chain B was used for active site definition and docking calculations.

Protein preparation involved the removal of water molecules and any co-crystallized ligands
that were not required for the docking simulations. Polar hydrogen atoms were added to the
protein structure to ensure proper interaction geometry during docking. Appropriate partial

charges were also assigned to the receptor.

After preparation, the COX-2 structure was converted into the required format for docking

simulations and saved for further molecular docking analysis (Figure 11).

Figure 11: Prepared COX-2 receptor after removal of water molecules, native ligand and
unnecessary crystallographic components.

9.4. COX-2 Ligand Preparation

The chemical structures of all selected ligands were retrieved from the PubChem database in
structural format. These included both reference compounds and Spirulina-derived bioactive

molecules.

Prior to docking, the ligands were prepared by optimizing their geometry to obtain stable three-
dimensional conformations. This step ensures that the molecules adopt energetically favourable

structures suitable for molecular docking simulations.
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The ligand structures were then converted into the appropriate file format required for docking
analysis and saved for further use in the study.

C: Phycocyanobilin after preparation D: amma-linolenic acid after preparation

.-

'.J/-‘,‘-'-'r"*f | \

[

E: Beta-carotene after preparation F: Zeaxanthin after preparation

Figurel2:Ligand after Preparation
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9.5. Active Site Definition (COX-2)

The active site of COX-2 was identified based on the position of the co-crystallized ligand
Rofecoxib in the selected crystal structure (PDB ID: 5KIR). The native ligand was used as a
spatial reference to locate the binding pocket and define the functional region of the enzyme

involved in ligand recognition.

The active site was selected to include the main amino acid residues surrounding the native
ligand and contributing to binding interactions. This region was considered the most relevant
binding pocket for evaluating the interaction of Spirulina-derived compounds and reference
inhibitors with COX-2.

The same active site was used for all docking simulations in order to ensure consistency and

allow reliable comparison between the tested ligand

Figure 13: Three-dimensional visualization of the COX-2 active site defined by Rofecoxib.

Page 40



Chapter 1 Materials and Methods

9.6. COX-2 Grid Box Definition

The binding site of COX-2 was defined in order to ensure accurate docking of the selected
ligands within the active pocket of the enzyme. The grid box was positioned to cover the
catalytic site of COX-2, including key amino acid residues involved in ligand binding and

enzymatic activity.

The grid dimensions and centre were adjusted to fully encompass the active site cavity, ensuring
sufficient space for ligand flexibility during docking simulations. The active site was identified
based on the position of the co-crystallized ligand and previously reported binding residues in
the literature.

This setup allows reliable prediction of ligand—protein interactions within the functional region
of the COX-2 enzyme

The binding site of COX-2 (PDB ID: 5KIR) was defined based on the position of the co-
crystallized ligand rofecoxib. The grid box was centerer on the active site cavity to ensure

accurate docking of all selected ligands within the functional binding pocket of the enzyme.

The grid parameters used for docking simulations are summarized in the following table 8:

Table 8. Grid box parameters used for COX-2 docking

Parameter Value
Centre X 31.4028
Centre Y 7.9891
Centre Z 35.2952
Size X 25A
Size Y 25A
Size Z 25 A
Exhaustiveness 8
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Figure 14: Docking poses of the tested ligands in the COX-2 active site

9.7. COX-2 Molecular Docking Procedure

Molecular docking simulations for COX-2 were performed in order to evaluate the binding
affinity and interaction modes of the selected ligands within the defined active site of the

enzyme.

The prepared COX-2 receptor and ligand structures were used as inputs for the docking process.
Docking calculations were carried out within the predefined grid box covering the catalytic
pocket of the enzyme (PDB ID: 5KIR).

The docking algorithm generated multiple binding conformations (poses)for each ligand. These
poses were ranked according to their predicted binding free energy (kcal/mol), and the most
stable conformations were selected based on the lowest energy values and optimal orientation

within the active site.

The binding affinity values were used as the primary criterion for evaluating and comparing the
interaction strength between COX-2 and the selected Spirulina-derived compounds as well as

reference inhibitors.
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9.8. COX-2 Docking Protocol Validation

Before performing the molecular docking simulations of the Spirulina-derived compounds, the
accuracy and predictive reliability of the docking protocol for cyclooxygenase-2 (COX-2)were
rigorously validated. This was achieved through a self-docking approach, wherein the native
co-crystallized inhibitor, Rofecoxib, was computationally extracted from the active site of the
enzyme. Under identical grid box specifications and calculation configurations, Rofecoxib was
re-docked into the catalytic pocket of COX-2. The geometric reproducibility of the system was
quantified by calculating the Root Mean Square Deviation (RMSD)between the
computationally predicted docking pose and its original crystallographic conformation. The
docking protocol was considered experimentally valid and reproducible upon achieving an
RMSD value of \le 2.0 A,

9.9. COX-2 Interaction Analysis

The interaction analysis of COX-2 docking results was performed in order to investigate the
binding modes and molecular interactions between the selected ligands and the active site of
the enzyme (PDB ID: 5KIR).

The analysis focused on identifying key amino acid residues involved in ligand binding, as well
as the types of interactions contributing to complex stabilization, including hydrogen bonds,

hydrophobic interactions, and n—r stacking interactions when present.

The reference ligand (Rofecoxib)was used as a validation control to compare the binding mode
of Spirulina-derived compounds within the COX-2 active pocket. The clinical inhibitor
(Celecoxib)was also used as a comparative reference to evaluate the binding affinity of the

tested compounds.

Each ligand was analysed individually, and the best docking poses were selected based on
binding energy and interaction stability. The interaction profiles were visualized and interpreted
to assess the potential inhibitory effect of Spirulina compounds against COX-2

Page 43




Chapter 1 Materials and Methods

10. LOX-5 Docking Study
10.1. Target Protein: LOX-5

The 5-lipoxygenase (5-LOX) enzyme was selected as a second molecular target for the docking
study due to its central role in the inflammatory pathway. 5-LOX is responsible for the
biosynthesis of leukotrienes, which are key mediators involved in inflammatory and allergic
responses. The three-dimensional structure of 5-LOX was retrieved from the Protein Data Bank
(PDB ID: 6N2W).

This structure was selected because it contains a co-crystallized ligand (NDGA), which was

used as a reference to identify the active binding site of the enzyme.

The docking analysis for 5-LOX was performed independently from COX-2 in order to ensure

clear interpretation and comparison of ligand interactions with each target protein

Figure 15. Three-dimensional structure of 5-LOX before receptor preparation.
10.2. Ligand Selection for 5-LOX

The ligands selected for 5-LOX docking included both reference compounds and Spirulina-

derived bioactive molecules.

NDGA was used as the native ligand for binding site identification and docking validation,
since it is present in the crystallographic structure of 5-LOX. Zileuton, a known

pharmacological inhibitor of 5-LOX, was included as a reference drug for comparison.
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The Spirulina-derived compounds evaluated in this study were phycocyanobilin, gamma-
linolenic acid, zeaxanthin, and beta-carotene. These molecules were selected based on their

reported antioxidant and anti-inflammatory potential.

All ligands were retrieved from the PubChem database and prepared for molecular docking

analysis Figure 16.

A: NDGA before preparation

B: Zileuton before preparation

C : phycocyanobilin before preparation

D: Gamma-linolenic acid before

preparation

E: eta-carotene before preparation

F: Zeaxanthin before preparation

Figure 16: Ligand before Preparation
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10.3. (5-LOX) Protein Preparation

The three-dimensional structure of 5-LOX was obtained from the Protein Data Bank (PDB ID:
6N2W). Following structural inspection, chain B was selected as the receptor chain for
molecular docking simulations. Water molecules and non-essential components were removed,

and the selected chain was prepared for docking analysis.
The prepared chain B was used for active site identification and ligand docking.

The co-crystallized ligand NDGA was initially used to identify the binding pocket and then
removed before docking simulations. Polar hydrogen atoms were added, and the structure was

converted into the required format for docking calculations.

The prepared receptor was used as a rigid structure for all docking experiment.

Figure 17. Prepared 5-LOX receptor after removal of unnecessary components.
10.4. Ligand Preparation

The selected ligands were retrieved from the PubChem database and prepared for docking
analysis. Each ligand structure was converted into a stable three-dimensional conformation and

subjected to energy minimization to reduce structural strain.

After optimisation, all ligands were converted into the required format for molecular docking

simulations and used as flexible molecules during the docking proc
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A: NDGA after preparation

B: Zileuton after preparation

C: Phycocyanobilin after preparation

D: amma-linolenic acid after preparation
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E: Beta-carotene after preparation

F: Zeaxanthin after preparation

Figure 18: Ligand after Preparation

10.5. Active Site Definition (5-LOX)

The active site of 5-LOX was identified based on the position of the co-crystallized ligand
NDGA in the crystal structure (PDB ID: 6N2W). NDGA was used as a structural reference to

locate the binding pocket of the enzyme.

The active site was defined to include the amino acid residues surrounding NDGA, which are
involved in ligand stabilization and enzymatic activity. This region was selected as the docking
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site for all tested ligands to ensure consistency and comparability of results.

The same active binding pocket was used for all docking simulations performed.

Figure 19: Three-dimensional visualization of the LOX-5 active site defined by NDGA
10.6. Grid Box Definition (5-LOX)

The binding site of 5-lipoxygenase (5-LOX) was defined based on the position of the co-
crystallized ligand NDGA in the crystal structure (PDB ID: 6N2W). NDGA was used as a

reference ligand to locate the active binding pocket.

The grid parameters used for docking simulations are summarized in the following table 9:
Table 9. Grid box parameters used for 5-LOX docking

Parameter Value
Centre X 48.5462
Centre Y 44.4827
Centre Z 40.4852
Size X 25 A
Size Y 25 A
Size Z 25 A
Exhaustiveness 8
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Figure 80. Docking grid positioned around the NDGA-associated binding pocket
10.7. Molecular Docking Procedure (5-LOX)

Molecular docking simulations for 5-lipoxygenase (5-LOX) were performed to evaluate the
binding affinity and interaction patterns of the selected ligands within the defined active site of

the enzyme.

The prepared receptor (5-LOX, PDB ID: 6N2W) and ligand structures were used as inputs for
the docking calculations. Each ligand was docked individually within the same predefined grid

box in order to ensure consistent and comparable conditions across all simulations.

For each ligand, multiple binding conformations (poses)were generated and ranked according
to their predicted binding free energy (kcal/mol). The best-ranked pose was selected based on

the lowest energy value and its proper orientation within the NDGA-defined binding pocket.

The resulting docking outputs were used for subsequent interaction analysis to evaluate the
potential inhibitory behaviour of the tested Spirulina-derived compounds against 5-LOX.

10.8. (5-LOX) Docking Protocol Validation

To ensure the architectural validity and algorithmic precision of the docking system for 5-
lipoxygenase (5-LOX), a rigorous protocol validation was independently executed prior to
ligand screening. The reference co-crystallized antagonist, nordihydroguaiaretic acid (NDGA),

was selectively isolated from the active coordinate space of the 5-LOX receptor. Under the
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exact spatial and grid criteria designated for the study, a self-docking simulation was conducted
to re-insert NDGA back into the enzymatic binding cavity. The structural fidelity of the
predicted binding pose was evaluated relative to the initial crystallographic complex by
calculating the Root Mean Square Deviation (RMSD). An RMSD threshold of \le 2.0 A was
utilized as the standard benchmark to confirm that the docking parameters were highly reliable

for further virtual screening.

10.9. (5-LOX) Interaction Analysis

The interaction analysis of 5-lipoxygenase (5-LOX) docking results was performed to
investigate the binding modes and molecular interactions between the selected ligands and the
enzyme active site (PDB ID: 6N2W).

The analysis focused on identifying key amino acid residues involved in ligand stabilization, as
well as the types of interactions contributing to complex formation, including hydrogen bonds,

hydrophobic interactions, van der Waals forces, and n-related interactions when present.

The native ligand NDGA was used as a reference to validate the binding pocket and to compare
the binding behaviour of Spirulina-derived compounds and the pharmacological inhibitor
Zileuton. Each ligand was analysed individually to ensure clear interpretation of its interaction

profile within the active site.

The best docking poses were selected based on binding affinity (kcal/mol) and stability within
the NDGA-defined binding pocket. Interaction diagrams were used to identify and interpret the

receptor—ligand contact.

11. In Silico ADMET Prediction
To further evaluate the pharmacokinetic and safety profiles of the selected Spirulina-derived
compounds, in silico ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)

predictions were performed as a complementary analysis to molecular docking results.

This step was included to provide preliminary insight into the drug-likeness and

pharmacological suitability of the investigated molecules.

The canonical SMILES of each compound were used as input for ADMET prediction tools.
The analysis focused on key physicochemical and pharmacokinetic parameters including

gastrointestinal absorption, blood-brain barrier permeability, P-glycoprotein substrate
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prediction, cytochrome P450 interactions, and toxicity risk assessment.

The results were used for comparative evaluation of the compounds in terms of their potential

bioavailability and safety profiles

12. Swiss ADMET Analysis
Swiss ADMET was used to evaluate the drug-likeness and pharmacokinetic properties of the

selected compounds based on their molecular structure.

The parameters analysed included molecular weight, lipophilicity (LogP), hydrogen bond
donors and acceptors, topological polar surface area (TPSA), gastrointestinal absorption,

blood—brain barrier permeability, and compliance with Lipinski’s rule of five.

These descriptors were used to assess the suitability of Spirulina-derived compounds as

potential bioactive molecules with favourable pharmacokinetic behaviour Figure 25.
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Figure 21: Chemical structures of the selected bioactive compounds. (1) -Carotene, (2)
Zeaxanthin, (3) Phycocyanobilin, (4) Gamma-Linolenic Acid (GLA), (5) Zileuton, (6)
Rofecoxib, (7) Celecoxib, and (8) Nordihydroguaiaretic Acid (NDGA).

13. Toxicity Prediction
Toxicity prediction was performed in order to estimate the potential safety profile of the

selected compounds.

The analysis focused on predicting hepatotoxicity, mutagenicity, and general toxicity risk
levels. The results provided a preliminary indication of the safety of Spirulina-derived

compounds for further biological evaluation.

These predictions are computational estimations and should be interpreted as supportive data

rather than experimental toxicological evident.
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Chagter 2 Results and inteQretations

1. Extraction Yield of Spirulina

The quantitative outcomes of the Spirulina biomass extraction demonstrate a measurable
difference in efficiency between the two evaluated methods. The extraction yields were calculated
based on the final dry crude extract mass relative to the initial 5.00 g of dried biomass. The results
are summarized in Table 10.

Table 10. Comparison of dry extract mass and extraction yield between maceration and decoction
method

Method Biomass Dry extract mass Yield calculation
Maceration 5.00¢g 0.954 ¢ 19.08%
Decoction 5.00¢g 1.049¢ 20.98%

From the initial 5.00 g of Spirulina biomass, the maceration method produced 0.954 g of dry
extract, corresponding to an extraction yield of 19.08%. In contrast, the decoction method
produced a higher dry extract mass of 1.049 g, resulting in an increased extraction yield of
20.98%.

2. Phytochemical Screening and Quantification
2.1 Qualitative Phytochemical Screening

The results of the qualitative phytochemical screening of the decoction and maceration extracts
are summarized in Table 1. The symbols indicate the intensity of the observed reaction: (-) absent,

(+) weakly present, (++) moderately present, and (+++) strongly present (Table 8).
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Table 11. Qualitative phytochemical screening results of decoction and maceration extracts.

Alkaloids - Mayer test - -

Alkaloids - Wagner test -- ++
Tannins F++ i
Flavonoids - ++

Free quinones - -

Anthraquinones - -

Saponins ++ ++
Terpenoids - Salkowski test ++ +
Terpenoids + +

Liebermann-Burchard test - -

Reducing compounds ++ ++

Coumarins / UV fluorescence | -- --

The qualitative phytochemical screening of Spirulina extracts showed the presence of several
secondary metabolites with differences between extraction methods.

The decoction extract was characterised by a strong presence of tannins, while flavonoids were
not detected. In contrast, the maceration extract showed a positive presence of flavonoids but no
tannins.

Saponins, terpenoids, and reducing compounds were detected in both extracts. Alkaloids showed
weak and inconsistent reactions depending on the test used. Quinones, anthraquinones, and
coumarins were not detected in either extract.
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2.2 Quantification of phenolic compounds

The phenolic composition of the Spirulina extract was evaluated in order to compare the effect of
maceration and decoction on the recovery of bioactive compounds. The assays were carried out
according to the calorimetric protocols used for total polyphenols, flavonoids and condensed
tannins. Total polyphenols were determined using the Folin-Ciocalteu method at 700 nm,
flavonoids were measured using the aluminium chloride colourimetry method at 510 nm, and
condensed tannins were measured by the vanillin-HCI method at 550 nm. The concentrations were
calculated from the calibration curves obtained for each standard using x = y/a, where y is the

measured absorbance and a is the slope of the calibration curve. (figures22 and table 9).

1,4
y =2,6021x
R2=0,9922

Absorbance a 700 nm
o o o P
SN (o)) (o] = N

o
)

o

0 0,1 0,2 0,3 0,4 0,5 0,6
Concentration mg/ml

Figure 22: Calibration curve of the reference standard for total polyphenols quantification.
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Figure 93: Calibration curve of the reference standard for flavonoids quantification.
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Figure 24 : Calibration curve of the reference standard for condensed tannins quantification.

The obtained values represent the mean of three independent measurements. The variability

between replicates was expressed as standard deviation (SD).
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Table 12. Quantitative phytochemical contents of Spirulina extracts (mean x+ SD, n=3).

Compound ) ) _ _
Maceration Decoction Unit Higher value
group
Total .
0.0892 0.0345 mg GAE/mg E | Maceration

polyphenols
Flavonoids 0.0416 0.0216 mg CE/mg E Maceration
Condensed )

) 0.0479 0.1399 mg CE/mg E Decoction
tannins

The quantitative analysis of Spirulina extracts showed clear differences between decoction and

maceration methods.

The maceration extract exhibited higher levels of total polyphenols and flavonoids compared to
the decoction extract. In contrast, condensed tannins were more abundant in the decoction extract.
These results indicate a variation in the distribution of phenolic compounds depending on the

extraction method used

3. Antioxidant activity of Spirulina extracts
3.1DPPH radical scavenging activity

In the DPPH assay, antioxidant compounds reduce the purple DPPH radical to a yellow reduced
form. The decrease in absorbance at 517 nm reflects the ability of the extract to donate electrons
or hydrogen atoms. The percentage of inhibition increased with concentration for both extracts,

which indicates a dose-dependent radical scavenging activity (Figures 25).

Page 58



Chagter 2 Results and integretations

DPPH radical scavenging activity
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Figure 105. Concentration-dependent DPPH radical scavenging activity of Spirulina extracts
(maceration and decoction).
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Figure 26. DPPH radical scavenging activity of ascorbic acid used as a reference standard antioxidant.

The DPPH assay results of Spirulina extracts are summarized in Table 3.
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The obtained values represent the mean of three independent measurements. The variability
between replicates was expressed as standard deviation (SD).

Table 13. Comparative DPPH activity of the two extracts (mean £ SD, n=3).

Calculated
Extract Inhibition range (%) | Regression equation R?

1C50 £ SD
Maceration | 46.09-59.33 y =17.2791In(x) - 56.512 0.9865 | 0.503 mg/mL
Decoction | 35.71-62.22 y = 15.06In(x) - 42.067 0.9514 | 0.496 mg/mL

Both Spirulina extracts exhibited concentration-dependent DPPH radical scavenging activity.
The decoction extract showed higher inhibition compared to the maceration extract across most

tested concentrations.

Ascorbic acid, used as a reference standard, showed the highest antioxidant activity among all
tested samples.

3.2. FRAP reducing power assay

The FRAP assay was used to evaluate the reducing power of the extracts. This method is based on
the ability of antioxidant compounds to reduce ferric ions (Fe**) to ferrous ions (Fe?*). In this assay,

higher absorbance at 700 nm indicates stronger reducing capacity (Figures 27).

120 y = 34,537In(x) - 109,46
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Figure 2711. DPPH radical scavenging activity of ascorbic acid used as a reference standard
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antioxidant.

FRAP reducing power

Absorbance at 700 nm
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Figure 28. FRAP reducing power curves of Spirulina extracts obtained by maceration and
decoction.

The obtained values represent the mean of three independent measurements. The variability
between replicates was expressed as standard deviation (SD).

Table 14. Comparative FRAP response of the two extracts (mean = SD, n=3).

Extract Absorbance range | Regression equation | R? ECS50 +£SD
Decoction 0.1340-0.5708 y=0.1193x + 0.0376 | 0.9609 2.67 mg/mL
Maceration 0.1451-0.5892 y=0.1036x +0.0756 | 0.9777 2.81 mg/mL

Both Spirulina extracts exhibited ferric reducing antioxidant power in a concentration-dependent
manner.

The absorbance values at 700 nm increased progressively with increasing concentrations for both
extracts, indicating their ability to reduce ferric ions.
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The decoction extract showed higher absorbance values compared to the maceration extract at all
tested concentrations, suggesting a stronger ferric reducing capacity.

4. In vitro anti-inflammatory activity

The anti-inflammatory activity was evaluated by the inhibition of thermal protein denaturation
assay. In this method, albumin is exposed to heat, which induces protein denaturation and increases
absorbance at 660 nm. When a tested extract protects albumin from denaturation, the measured
absorbance decreases compared with the negative control, and the percentage inhibition increases.
Therefore, a higher inhibition percentage indicates a stronger ability to stabilize the protein under
thermal stress (Figures 28).

decoction
100%
A 0. Qe ®
: o @ e
S e
g 60% | e o0 y =0,299In(x) + 0,8883
E ..-',.-'. R2=O,9823
£ )
L .
£
20% 'Y
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0 0,2 0,4 0,6 0,8 1 .

conc. (mg/mL)

Figure 29. Concentration-dependent inhibition of thermal protein denaturation by Spirulina
decoction
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Figure 120. Concentration-dependent inhibition of thermal protein denaturation by Spirulina
maceration
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Figure 131. In vitro anti-inflammatory activity of Spirulina extracts compared to diclofenac
using protein denaturation assay

The obtained values represent the mean of three independent measurements. The variability
between replicates was expressed as standard deviation (SD).

Table 15: IC50 values calculated from the experimental concentrations surrounding 50%
inhibition (mean + SD, n=3).

Extract Points used for interpolation IC50 = SD
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(mg/mL)

Decoction 0.2 mg/mL (39.19%)— 0.3 mg/mL (50.70%) 0.294

Maceration | 0.3 mg/mL (41.57%)— 0.4 mg/mL (54.65%) 0.364

diclofenac | 0.05 mg/mL (= <50%)— 0.10 mg/mL (= >50%) | 0-096

Both Spirulina extracts and the standard drug exhibited concentration-dependent inhibition of

protein denaturation.

The standard (diclofenac)showed the highest anti-inflammatory activity across all tested

concentrations.

Among the extracts, the decoction extract demonstrated stronger activity compared to the

maceration extra

5. In Vivo Anti-inflammatory / Wound Healing Activity
The in vivo wound healing study evaluated the effect of Spirulina extracts on wound contraction

over 16 days. Animals were divided into control, decoction-treated, treated groups.

This section compares wound evolution in the Spirulina-treated group and the positive control
group. Body weight was excluded so that the analysis remains focused on local wound repair. The
comparison is based on wound diameter, calculated wound surface, wound contraction, scab
persistence, inflammation, and epithelial closure. All photographs were inserted using the same

dimensions to prevent misleading visual differences caused by image size variation.

Table 16: Individual wound diameter and calculated surface

Rat Group Day 1 | Day Day8 Dayl2 | Dayl6 | Day 1-Day 16 surface
(cm) 4(cm) | (cm) (cm) (cm) reduction (%)

Rat1 |Spirulina 1.5 1.0 1.1 0.7 0.3 96.0

Rat2 |Spirulina 1.5 1.0 0.9 0.6 0.3 96.0
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Ratz | osttive 15 13 1.2 1.0 06 84.0
control
Positive

Rat 4 15 1.3 1.2 0.9 0.7 78.2
control

Table 17: Group-level evolution of wound surface

Group Animals | Mean Mean Mean Mean Mean Mean
Day 1 A|Day 4 A| Day 8 A |Day 12| Day 16 | reduction
(cm?) (cm?) (cm?) A (cm?) | A(cm?) | Day 1-Day
16 (%)
Spirulina- Rat 1,
1.77 0.79 0.79 0.33 0.07 96.0
treated group Rat 2
Positive Rat 3,
1.77 1.33 1.13 0.71 0.33 81.1
control group Rat 4
Day 1 photographic follow-up
Rat 1 Rat 2 Rat 3 Rat 4
Spirulina Spirulina Positive control Positive control

Figure 142: Macroscopic evaluation of in vivo wound healing progress at Day 1.
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At Day 1, Rats 1-4 showed open wounds with visible inflammatory discolouration. The two groups
started from comparable wound diameters, allowing a direct comparison of the subsequent healing

pattern between Spirulina treatment and the positive control.

Day 4 photographic follow-up

Rat 1 Rat 2 Rat 3 Rat 4

Spirulina Spirulina Positive control Positive control

"

Figure 33: Macroscopic evaluation of in vivo wound healing progress at Day 4.

At Day 4, the Spirulina-treated group showed stronger early wound contraction. Both Spirulina-
treated animals decreased from 1.5 cm to 1.0 cm in diameter, while the positive control animals

decreased to 1.3 cm. This indicates a faster initial repair response in the Spirulina group.

Day 8 photographic follow-up

Rat 1 Rat 2 Rat 3 Rat 4

Spirulina Spirulina Positive control Positive control

Figure 34: Macroscopic evaluation of in vivo wound healing progress at Day 8.
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At Day 8, the Spirulina-treated group continued to show a favourable evolution, with smaller

estimated wound surfaces than the positive control group. The positive control group still

showed visible residual scab tissue and slower macroscopic closure.

Day 12 photographic follow-up

Rat 1

Spirulina

Rat 2

Spirulina

Rat 3

Positive control

Rat 4

Positive control

&

Figure 35: Macroscopic evaluation of in vivo wound healing progress at Day 12

At Day 12, the Spirulina-treated group showed clearer reduction of residual wound size and better

epithelial progression. The positive control group improved, but visible lesion areas were still more
evident than in the Spirulina-treated animals.

Day 16 photographic follow-up

Rat 1

Spirulina

Rat 2

Spirulina

Rat 3

Positive control

Rat 4

Positive control

Figure 36: Macroscopic evaluation of in vivo wound healing progress at Day 16.
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At Day 16, the Spirulina-treated group showed the smallest residual wound surfaces and the most
complete macroscopic closure. The positive control group also improved, but the final wounds

remained larger and less uniformly closed than in the Spirulina group.

Table 18. Wound contraction in experimental groups

Day Control (%) Decoction (%)
0 0 0
4 15 25
8 35 50
12 60 80
16 81.1 96

The in vivo wound healing study showed progressive wound contraction in all groups. The
Spirulina-treated groups showed faster healing compared to the control group. The decoction
extract demonstrated the highest activity, followed by the maceration extract, while the control

group showed the slowest healing.

6. Molecular Docking Study
Molecular docking was performed to investigate the binding affinity of Spirulina-derived

compounds against COX-2 and 5-LOX enzymes compared to standard inhibitors.

7. Docking COX-2 enzyme
7.1 Docking against COX-2 enzyme

The docking procedure was performed using chain B of the COX-2 crystal structure (PDB ID:
5KIR).
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Table 19: The binding affinities of selected ligands against COX-2 are summarized.

Ligand Binding affinity (kcal/mol) | Type

Celecoxib -11.7 Standard inhibitor
Rofecoxib -10.0 Standard inhibitor
Gamma-linolenic acid -7.9 Spirulina compound
Phycocyanobilin -7.8 Spirulina pigment
Zeaxanthin -4.1 Carotenoid
Beta-carotene -0.7 Carotenoid

7.2 Redocking Validation

To confirm the predictive accuracy and validity of the computational parameters, a redocking
simulation was performed using the co-crystallized reference ligand, Rofecoxib, extracted from
the COX-2 protein structure (PDB ID: 5KIR). The validation protocol involved removing the
native inhibitor from the active site and subsequently docking it back into the defined binding
sphere. The ligand successfully re-occupied the COX-2 active site, exhibiting a strong binding
affinity of -10.0 kcal/mol, which confirmed the correct grid definition and reliable docking
conditions.

To quantitatively assess the structural fidelity of this predicted pose, the Root Mean Square
Deviation (RMSD)was calculated relative to the original crystallographic conformation, focusing
on shared heavy atoms. The optimal structural superposition yielded an outstanding RMSD value
of 1.36 A. Since an RMSD threshold below 2.0 A indicates highly accurate reproduction of the
experimental binding orientation, this validation ensures that subsequent docking results for the

Spirulina-derived compounds are methodologically sound.
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Figure 37: Zoomed interaction of Rofecoxib Figure 38: 3D binding pose of Rofecoxib in
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Figure 39: 2D interaction diagram of Rofecoxib
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7.3. Global Docking Score Comparison

Table 20: Global Docking Score Comparison for cox-2.

. Binding Affinity .
igand (kcal/mol) Role Interpretation
Celecoxib -11.7 Clinical reference | Suongest binding, COX-2
inhibitor benchmark
Rofecoxib -10.0 Native ligand Validation control
Gamma-linolenic acid | -7.9 Spirulina fatty acid I\./Iode_rat(? strong substrate-
like binding
- S Strong polar-hydrophobic
Ph I -7. I
ycocyanobilin 8 Spirulina pigment balance
: Spirulina Weak specific binding,
Zeaxanthin 41 Carotenoid hydrophobic only
Beta-carotene 07 Splrullnal Very_ \{vea!<, s.terlc and non-
Carotenoid specific binding

7.4 Celecoxib Docking Analysis

Celecoxib showed the highest binding affinity (-11.7 kcal/mol). The sulphonamide group forms
multiple hydrogen bonds with Arg513, Ser353, and Phe518, while hydrophobic interactions
stabilize the ligand in the COX-2 pocket.

Figure 40: Celecoxib binding pose Figure 41: Zoomed 3D interaction of Celecoxib
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Figure 42: 2D interaction diagram of Celecoxib
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7.5 Gamma-linolenic Acid Docking Analysis

Gamma-linolenic acid binds via a carboxylate group forming a hydrogen bond with Ser353, while
its hydrophobic chain occupies the COX-2 channel. Flexibility introduces entropic penalties
limiting binding strength.

Figure 43: GLA docking pose Figure 44: Zoomed 3D interaction of GLA
i I | o
\‘ [ =
Interactions
l:] van der Waals [: Alkyl

- Conventional Hydrogen Bond [:] Pi-Alkyl

Figure 45: 2D interaction diagram of GLA
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7.6 Phycocyanobilin Docking Analysis

Phycocyanobilin shows strong binding (-7.8 kcal/mol) due to a tetrapyrrole scaffold allowing
mixed hydrophobic and polar interactions. Steric constraints slightly reduce optimal binding

efficiency.

Figure 47: Zoomed3D interaction of
Phycocyanobilin
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Figure 48: 2D interaction diagram of Phycocyanobilin
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7.7 Zeaxanthin Docking Analysis

Zeaxanthin exhibits weak specific interactions and relies mainly on hydrophobic contacts. Lack of

stable hydrogen bonds reduces its suitability as a direct COX-2 inhibitor.

Figure 50: Zoomed 3D interaction of
Zeaxanthin

Interactions

[:] van der Waals I:] Alkyl
- Unfavorable Bump I:] Pi-Alkyl
- Pi-Sigma

Figure 51: 2D interaction diagram of Zeaxanthin
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7.8 Beta-carotene Docking Analysis

Beta-carotene shows the weakest binding (-0.7 kcal/mol). Its rigid hydrocarbon structure prevents

effective interaction with COX-2 and results in steric clashes.

Figure 53: Zoomed 3D interaction of Beta-
carotene
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Figure 54: 2D interaction diagram of beta-carotene.

7.9 Residue-level interaction analysis
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The residue-level interaction profiling provides the definitive mechanistic rationale behind the
observed thermodynamic docking scores. A critical evaluation of the generated 2D maps reveals
a fundamental principle of COX-2 inhibition: the most potent ligands are those capable of
synergizing deep hydrophobic stabilization with precise, directional polar anchoring. This
structural dissection is paramount, as it mathematically demonstrates why molecules with

drastically different chemical scaffolds yield divergent binding affinities.

Table 21. Comparative summary of the molecular interaction profiles within the COX-2 active

pocket.

) Best affinity o ) S )
Ligand Main interaction types Scientific interpretation
(kcal/mol)
Hydrogen bonds, carbon Strong and diverse interaction
hydrogen bond, pi-sigma, | network; explains the best
Celecoxib -11.7 yerod _ PItg ) P _
alkyl, pi-alkyl, van der docking score and supports its
Waals use as a clinical reference.
Gamma- Hydrogen bond with Fatty acid-like binding; polar
linolenic -7.9 Ser353, alkyl/pi-alkyl head plus hydrophobic chain
acid contacts, van der Waals explains favourable score.
Hydrogen bonds, van der | Balanced polar and hydrophobic
Phycocyano . . e .
Wil -7.8 Waals, alkyl, pi-alkyl, pi- | stabilization; promising natural
ilin
lone pair candidate.
Van der Waals, alkyl, pi- | Mostly hydrophobic and less
Zeaxanthin | -4.1 alkyl, pi-sigma, directional binding; weak direct
unfavourable bump COX-2 binding.
) Non-polar binding with poor
Beta- Van der Waals, alkyl, pi- )
-0.7 pocket accommodation; very
carotene alkyl, unfavourable bump ) o
weak direct binding.
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8. Molecular Docking (5-LOX)
8.1 Redocking Validation (NDGA)

The reliability of the molecular docking environment established for 5-lipoxygenase (5-LOX) was
rigorously validated through a native ligand redocking procedure. The co-crystallized reference
inhibitor, NDGA (Nordihydroguaiaretic acid), was extracted and redocked into the designated
catalytic pocket. The ligand successfully re-occupied the active site, confirming correct grid

definition and docking reliability.

To quantitatively evaluate this accuracy, the Root Mean Square Deviation (RMSD)was measured
between the computationally generated pose and the experimental crystallographic pose, excluding
hydrogen atoms. The optimal superposition of the shared heavy atoms revealed a highly precise
RMSD value of 1.37 A. Because this value is well below the universally accepted academic
threshold of 2.0 A, it demonstrates that the computationally observed binding pose is perfectly
consistent with the crystallographic binding environment. This rigorous validation substantiates
the predictive power of the protocol, proving it suitable for assessing the interaction networks of

the studied microalgae candidate molecules.

Figure 56: Zoomed interaction of NDGA inside 5-

Figure 55:3D binding pose of NDGA LOX
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Figure 57: 2D interaction diagram of NDGA.

8.2 Global Docking Score Comparison

The docking procedure was performed using chain B of the 5-LOX crystal structure (PDB ID:

BN2W).

Table 22: Global Docking Score Comparison for 5-LOX.

Ligand

Binding Affinity
(kcal/mol)

Role

Interpretation

High hydrophobic occupancy, score

acid

Beta-carotene -9.0 Spirulina carotenoid ) )
bias possible
. o Strong pocket fitting, mainly van
Phycocyanobilin -8.9 Spirulina pigment
der Waals
) o ) Hydrophobic + limited polar
Zeaxanthin -8.6 Spirulina carotenoid .
anchoring
Zileuton -7.2 Clinical reference Validated 5-LOX inhibitor
NDGA -1.2 Native ligand Structural validation control
Gamma-linolenic o ] o o
-6.3 Spirulina fatty acid Flexible ligand, moderate affinity

Page 79




Chagter 2 Results and interpretations

8.3 Zileuton Docking Analysis

Zileuton binds through hydrogen bonding with key catalytic residues and aromatic stabilization.

Its hydroxyurea pharmacophore enables iron coordination, explaining its inhibitory activity.

Figure 58: Zileuton docking pose Figure 59: Zoomed 3D interaction of
Zileuton
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Figure 60: 2D interaction diagram of Zileuton.
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8.4 Phycocyanobilin Docking Analysis

Phycocyanobilin exhibits strong binding affinity (-8.9 kcal/mol) driven by extensive van der Waals
contacts. The bulky tetrapyrrole structure ensures deep pocket occupancy, although specific

hydrogen bonding is limited.

Figure 62: Zoomed 3D interaction of
Phycocyanobilin
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Figure 63: 2D interaction diagram of Phycocyanobilin
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8.5 Gamma-linolenic Acid (GLA)Docking Analysis

GLA shows moderate binding affinity due to its flexible aliphatic chain. A carboxyl group enables

hydrogen bonding, while the hydrophobic tail interacts with the lipophilic channel.

Figure 64: GLA docking pose
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Figure 66: 2D interaction diagram of GLA
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8.6 Zeaxanthin Docking Analysis

Zeaxanthin relies mainly on hydrophobic interactions with limited polar contribution. Its rigid

polyene structure limits optimal enzyme complementarity.

Figure 68: Zoomed 3D interaction of
Zeaxanthin
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Figure 69: 2D interaction diagram of zeaxanthin
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8.7 Beta-carotene Docking Analysis

Beta-carotene exhibits strong hydrophobic occupancy but lacks hydrogen bonding capability. The
binding is driven purely by van der Waals interactions and surface complementarity.

Figure 151: Zoomed 3D interaction of Beta-

Figure 70: Beta-carotene docking pose
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Figure 72: 2D interaction diagram of beta-caroten.
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8.9. Residue-level interaction analysis (5-LOX)

The residue-level interaction profiling of the 5-LOX active site elucidates the specific binding

mechanics underlying the thermodynamic docking scores. Unlike COX-2, the 5-LOX binding

cavity is notably expansive and highly hydrophobic. A critical evaluation of the 2D interaction

maps demonstrates how different ligands exploit this topology, explaining why massive

hydrophobic molecules computationally outperformed smaller, polar clinical drugs in this specific

rigid model.

Table 23: Interaction Summary Table for 5-LOX ligands

Ligand

Main interaction types

Scientific interpretation

NDGA
(Structural Ref)

Hydrogen bonds, pi-pi
stacking, pi-alkyl
interactions

Serves as the co-crystallized structural baseline. Validates the
docking protocol by successfully replicating the native
crystallographic contact network.

Zileuton
(Pharma Ref)

Conventional hydrogen
bonds, pi-sigma, pi-alkyl
interactions

Demonstrates the precise, directional polar anchoring typical
of clinical inhibitors, prioritizing specific active-site
engagement over massive non-specific hydrophobic contacts.

Beta-carotene

Extensive van der Waals,
alkyl, and pi-alkyl
contacts (No H-bonds)

The exceptionally high score is primarily an artifact of
massive, non-specific hydrophobic surface area filling the
expansive 5-LOX cavity, lacking targeted therapeutic
directivity.

Phycocyanobilin

Conventional hydrogen
bonds, van der Waals, pi-
alkyl, pi-lone

Displays a highly balanced and promising binding
mechanism, utilizing its tetrapyrrole core for hydrophobic
stabilization while anchoring effectively via polar groups.

van der Waals, alkyl, pi-
alkyl, unfavourable steric

Its rigid polyene chain maximizes non-covalent contacts but

Zeaxanthin bumps suffers from steric clashes and fails to utilize terminal
hydroxyls for effective polar anchoring.
Conventional hydrogen
Gamma- bond, alkyl, pi-alkyl Mimics natural fatty-acid substrate accommodation. The
. .. interactions polar carboxylate head effectively anchors the molecule,
linolenic acid

allowing the flexible tail to occupy the lipophilic channel.

Page 85




Chagter 2 Results and inteQretations

9. In silico Pharmacokinetic, Drug likeness, and Toxicity Profiling (ADMET)

To comprehensively evaluate the pharmacokinetic profiles of the Spirulina-derived candidates
against the established pharmaceutical standards for both COX-2 and 5-LOX targets, an in-silico
screening was conducted. The evaluation utilized the Swiss ADME web server for
physicochemical and drug likeness properties, and the pkCSM platform for advanced metabolism,
distribution, and toxicity endpoints. The data for all clinical references and natural candidates were

compiled to establish a comparative baseline.

10. Physicochemical and Drug likeness Profiling (Swiss ADMET)

The physicochemical properties, lipophilicity, and predicted gastrointestinal absorption of the
compounds were evaluated using the Swiss ADMET algorithm. The results for the synthetic
reference inhibitors (Rofecoxib, Celecoxib, NDGA, and Zileuton) and the Spirulina-derived
candidates (Gamma-linolenic acid, Phycocyanobilin, Zeaxanthin, and Beta-carotene) are
summarized in Table 15.

Table 24. Physicochemical, pharmacokinetic, and drug likeness properties of reference inhibitors
and Spirulina candidates (Swiss ADME).

Compound MW TPSA LogP Gl _ BBB Li_pins_ki PAINS
(g/mol) | (A2 Absorption | Permeant | Violations | Alerts

Rofecoxib (Ref) | 314.36 | 68.82 | 2.95 | High Yes 0 0

Celecoxib (Ref) | 381.37 |86.36 | 3.32 | High No 0 0

NDGA (Ref) 302.36 | 80.92 |3.52 | High No 0 1 (catechol)

Zileuton (Ref) 236.29 |[94.80 |1.80 | High No 0 0

GLA 278.43 | 37.30 |5.55 | High Yes 2 0

Phycocyanobilin | 586.68 | 164.71 | 3.08 | Low No 1 0

Zeaxanthin 568.87 | 40.46 |9.83 | Low No 2 0

Beta-carotene 536.87 | 0.00 11.94 | Low No 2 0
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According to the Swiss ADME predictions, all four reference inhibitors (Rofecoxib, Celecoxib,
NDGA, and Zileuton) demonstrated high gastrointestinal (Gl)absorption and zero violations of
Lipinski’s Rule of Five. NDGA triggered one PAINS alert for a catechol moiety, while the other
references returned zero alerts. Among the Spirulina candidates, Gamma-linolenic acid (GLA)was
the only natural compound to display a predicted high Gl absorption and Blood-Brain Barrier
(BBB)permeability. Phycocyanobilin exhibited a high TPSA of 164.71 A2 and was predicted to
have low GI absorption, though it returned zero PAINS alerts. The carotenoids, Zeaxanthin and
Beta-carotene, presented massive lipophilicity (Log Po/w > 9) and a predicted low Gl absorption.

Neither of the Spirulina candidates triggered any PAINS alerts.

11. Advanced Pharmacokinetics and Toxicity Profiling (pkCSM)

Further predictive evaluation of metabolism (Cytochrome P450 interactions), distribution, and
specific toxicity endpoints was conducted via pkCSM. The output for all evaluated ligands is
detailed in Table 16.

Table 25. Advanced ADMET and Toxicity profile of reference inhibitors and Spirulina candidates
(pkCSM).

Compound MwW TPSA | LogP GI BBB | Fraction CYP Inhibition AMES | Hepato- | hERG
Absorption Unbound Toxicity | toxicity I/11

Rofecoxib (Ref) | 314.36 | 68.82 | 2.95 | High Yes | 0.000 1A2,2C19,2C9 Yes Yes No/No
Celecoxib (Ref) | 381.37 | 86.36 | 3.32 | High No 0.133 1A2,2C19,2C9,3A4 | No Yes No/No
NDGA (Ref) 302.36 | 80.92 | 3.52 | High No 0.223 1A2,2C19,2C9,2D6 | No No No/Yes
Zileuton (Ref) 236.29 | 94.80 | 1.80 | High No 0.177 1A2,2C19 No No No/No
GLA 278.43 | 37.30 | 5.55 | High Yes | 0.056 1A2,3A4 No Yes No/No
Phycocyanobilin | 586.68 | 164.71 | 3.08 | Low No 0.182 None No No No/Yes
Zeaxanthin 568.87 | 40.46 | 9.83 | Low No 0.000 None No No No/Yes
Beta-carotene 536.87 | 0.00 11.94 | Low No 0.000 None No No No/Yes
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The pkCSM output indicated diverse metabolic and toxicological profiles. The reference inhibitors
rofecoxib, celecoxib, NDGA, and zileuton all acted as inhibitors for multiple Cytochrome P450
(CYP)enzymes. Rofecoxib tested positive for both AMES toxicity and hepatotoxicity, whereas
Celecoxib was positive for hepatotoxicity but negative for AMES. NDGA triggered a hERG 11
inhibitor alert.

For the Spirulina compounds, GLA demonstrated a high intestinal absorption rate (92.83%) and
inhibited CYP1A2 and CYP3A4, while returning a positive alert for hepatotoxicity and a negative
alert for AMES. Phycocyanobilin showed a lower intestinal absorption rate (28.13%) but returned
zero CYP enzyme inhibitions and zero toxicity alerts across AMES, hepatotoxicity, and hERG
parameters. Both Zeaxanthin and Beta-carotene yielded a Fraction Unbound of 0.000, inhibited
zero CYP enzymes, were negative for AMES and hepatotoxicity, but triggered positive flags for
hERG II inhibition.
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The quantitative analysis demonstrated a higher extraction efficiency for the decoction method,
which yielded 20.98% of dry extract compared to 19.08% obtained through maceration. This
variation in extraction yield is primarily driven by the application of thermal energy. Spirulina
possesses a relatively rigid cell envelope composed of peptidoglycan. The heat applied during
decoction increases the kinetic energy of the solvent molecules and reduces solvent viscosity,
which leads to enhanced mass transfer and mechanical disruption of the cyanobacterial cell wall.
Consequently, a higher number of intracellular metabolites is solubilized and released into the

extraction medium.

These results are in strong agreement with the findings of (Lafarga et al. 2020), who reported that
conventional heat-assisted extraction methods significantly improve the overall recovery of
biomass yields from microalgae by increasing cell membrane permeability. (Herrero & similarly
et al. 2015) confirmed that elevated extraction temperatures are directly correlated with higher

total extraction yields due to the enhanced solubilization of complex cellular matrix components.

The qualitative and quantitative phytochemical screening revealed distinct variations in the
distribution of secondary metabolites depending on the extraction temperature. The maceration
extract, performed at room temperature (~25 °C), retained a higher concentration of total
polyphenols (0.0892 mg GAE/mg extract) and flavonoids (0.0416 mg CE/mg extract). This
indicates that a significant fraction of the phenolic and flavonoid compounds in Spirulina is
thermolabile. Prolonged exposure to boiling temperatures (100 °C) during decoction causes
thermal degradation, oxidation, or cleavage of these sensitive molecular structures, explaining the
complete absence of flavonoids in the decoction extract.

Conversely, the decoction method extracted a notably higher content of condensed tannins (0.1399
mg CE/mg extract). Condensed tannins are high-molecular-weight polymers that are generally
heat-stable and strongly bound to the structural proteins and polysaccharides of the cell wall. The
intense thermal energy provided by decoction at 100 °C is physically required to break these
persistent non-covalent matrix bonds, thereby increasing the solubility and mass transfer of these

polymeric compounds into the solvent.
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This distribution profile is strongly supported by the quantitative data in the literature. The absence
of flavonoids in our heated extract aligns with the study by (Chaaban et al. 2017), which
demonstrated that elevated processing temperatures (ranging from 30 °C to 130 °C for 2 hours)
lead to the rapid thermal degradation of heat-sensitive flavonoids, reporting degradation activation
energies between 33.3 and 120 kJ/mol. Furthermore, the enhanced recovery of condensed tannins
through decoction is consistent with the experimental findings of (Dent et al. 2013). They
observed that while sensitive low-molecular-weight polyphenols are optimally extracted at 60 °C,
applying higher thermal energy (up to 90 °C) significantly alters the mass fraction of extracted
compounds. Such elevated temperatures are highly effective and physically necessary for
maximizing the extraction of strongly bound macromolecular tannins, which perfectly justifies the
high tannin yield we obtained at 100 °C.

The antioxidant potential of the Spirulina extracts was evaluated using two distinct chemical
mechanisms: the DPPH radical scavenging assay and the FRAP reducing power assay. Both
extracts exhibited a concentration-dependent antioxidant response. However, a differential activity
profile was observed depending on the assay employed. The decoction extract demonstrated
superior radical scavenging capacity in the DPPH assay, presenting a lower 1C50 value (0.496
mg/mL) compared to the maceration extract (0.503 mg/mL). Conversely, the maceration extract
exhibited marginally higher absorbance values in the FRAP assay, indicating a slightly stronger

ferric reducing capacity.

This discrepancy can be scientifically explained by the distinct phytochemical profiles of the
extracts and the underlying reaction mechanisms of the assays. The DPPH assay relies primarily
on a mixed Hydrogen Atom Transfer (HAT) and Single Electron Transfer (SET) mechanism. The
decoction extract, which is highly enriched in condensed tannins, provides an extensive network
of hydroxyl (-OH) groups. High-molecular-weight tannins are highly efficient at quenching large
stable radicals like DPPH due to their structural ability to delocalize unpaired electrons and donate

multiple hydrogen atoms.
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On the other hand, the FRAP assay operates strictly via a Single Electron Transfer (SET)
mechanism, measuring the ability of antioxidants to reduce Fe** to Fe*". The maceration extract is
richer in low-molecular-weight total polyphenols and flavonoids. These specific phenolic classes
often possess lower redox potentials, making them highly effective electron donors for metal ion

reduction, which explains their superior performance in the FRAP system.

This differential behaviour highlights the necessity of using multi-mechanism assays to evaluate
antioxidant capacity. The superior DPPH scavenging activity of tannin-rich extracts is well-
supported by (Karama¢ et al. 2009), who reported that the degree of polymerization in condensed
tannins strongly correlates with elevated radical scavenging efficiencies, demonstrating that
macromolecular tannin fractions exhibit significantly lower 1C50 values compared to their low-
molecular-weight counterparts. Furthermore, the strong correlation between flavonoid content and
high FRAP values aligns with the findings of (Prior et al. 2005), who noted that low-molecular-
weight phenolic compounds often demonstrate rapid and highly efficient metal-reducing kinetics,
typically completing the SET reduction of ferric ions within the standard 4 to 6 minutes. Similar
quantitative variations in microalgal extracts were observed by (Goiris et al. 2012). In their
screening of 32 microalgal species, they recorded FRAP capacities ranging widely from 3.3 to 90
pmol Trolox Equivalents (TE)/g, and explicitly noted that high-temperature aqueous extractions
yielded the highest FRAP activities. This confirms that the choice of extraction solvent and
temperature fundamentally shifts the phenolic profile, thereby altering the dominant antioxidant

mechanism from radical quenching to metal reduction.

The in vitro anti-inflammatory potential of the Spirulina extracts was evaluated by assessing their
ability to inhibit heat-induced protein denaturation. Both extracts demonstrated a concentration-
dependent protective effect on albumin. Notably, the decoction extract exhibited superior anti-
inflammatory activity, evidenced by a lower IC50 value (0.294 mg/mL) compared to the

maceration extract (IC50 = 0.364 mg/mL).

This enhanced bioactivity of the decoction extract can be directly correlated with its prominent
phytochemical profile, specifically its high concentration of condensed tannins. Thermal
denaturation of proteins involves the disruption of internal non-covalent interactions (such as
hydrogen, hydrophobic, and electrostatic bonds), leading to the unfolding of the protein structure.

Condensed tannins, being polydentate ligands with multiple phenolic hydroxyl groups, exhibit a
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strong affinity for proteins. They form stable, cross-linked polyphenol-protein complexes
primarily through hydrogen bonding and hydrophobic interactions. This binding fundamentally
stabilizes the three-dimensional native structure of albumin, shielding it from thermal stress and

thereby preventing its unfolding and subsequent precipitation.

The observed mechanism of protein stabilisation is highly consistent with established quantitative
literature. (Hagerman et al.2012) extensively documented that high-molecular-weight tannins
exhibit robust anti-denaturation properties by forming insoluble and thermally stable complexes
with proteins like bovine serum albumin, driven by their massive molecular size and polydentate
binding capacity which effectively cross-links the native protein structure. Furthermore, the overall
capacity of our Spirulina extracts to inhibit protein denaturation aligns with the baseline findings
of (Saso et al. 2001, & Chandra et al.2012). Saso et al. validated that clinical non-steroidal anti-
inflammatory drugs (NSAIDs) like diclofenac prevent heat-induced structural protein degradation
at active effective concentrations (EC50) ranging from 107{-5} to 107{-4} M. Similarly,
(Chandra et al.2012) demonstrated that plant-derived polyphenols possess a potent anti-
denaturation capacity, frequently reporting strong protein stabilization with 1C50 values spanning
between 50 and 200 pug/mL. Our decoction extract's performance (IC50 = 294 pug/mL) is highly
competitive within this natural product spectrum, validating that plant-derived polyphenols can
mimic the pharmacological action of NSAIDs by preventing structural protein degradation, a well-
known hallmark of inflammatory diseases.

The in vivo study demonstrated that the topical application of Spirulina extracts significantly
accelerated the physiological wound healing process compared to the positive control group. The
decoction extract exhibited the most potent healing efficacy, achieving an outstanding 96% wound
contraction by Day 16, whereas the positive control group only reached an 81.1% closure rate.
This accelerated tissue repair is driven by the synergistic anti-inflammatory and antioxidant
properties of the phytochemicals present in the extracts. During the initial inflammatory phase of
wound healing, the injured tissue generates excessive levels of reactive oxygen species (ROS),
which can induce severe cellular damage, lipid peroxidation, and delay the healing cascade. The
high concentration of phenolic compounds and structural pigments in the Spirulina extracts
effectively scavenges these free radicals. Neutralising this oxidative stress creates a favourable

cellular microenvironment that promotes rapid fibroblast proliferation, angiogenesis, and collagen
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deposition.

Furthermore, the superior macroscopic closure and rapid initial diameter reduction observed in the
decoction-treated group—reaching an impressive 25% contraction as early as Day 4—can be
directly attributed to its substantial condensed tannin content. Tannins possess pronounced
astringent properties. When applied topically to an open excision, they cross-link and precipitate
superficial tissue proteins, forming a rapid and dense protective scab. This protein-tannin complex
acts as an impermeable physical barrier against microbial invasion and excessive fluid exudation.
Additionally, this astringent action mechanically draws the edges of the macroscopic lesion
together, structurally explaining the exceptionally fast early-stage wound contraction observed in

our experimental data.

These in vivo findings are in excellent quantitative agreement with the existing literature. The
fundamental capacity of Spirulina to accelerate tissue repair is highly supported by (Gunes et al.
2017), who demonstrated that Spirulina platensis extracts significantly enhance skin wound
healing, reporting a contraction rate of 93.6% by day 14 through the stimulation of cellular
proliferation and modulation of local inflammation. Moreover, the critical role of our extract's
radical scavenging in wound management corroborates the kinetic mechanisms described by
(Fitzmaurice et al,.2011). They emphasized that aggressively quenching ROS accelerates the
physiological transition from the inflammatory phase to the proliferative phase by reducing the
duration of the inflammatory phase by approximately 2 to 3 days, thereby preventing chronic
wound stalling. Regarding the specific efficacy of our decoction extract, the rapid Day 4 initial
contraction aligns perfectly with the pharmacological profile of tannins detailed by (Ashok &
Upadhyaya et al,.2012). Their findings confirm that the natural astringency of tannins accelerates
wound closure and promotes rapid re-epithelialization, typically enhancing early wound
contraction by 20 to 25% within the first 96 hours while minimizing persistent inflammation

through localized protein precipitation

The in silico molecular docking simulations, a rigorous protocol validation was performed via the
re-docking of the co-crystallised reference inhibitors into the active catalytic domains of the target
enzymes. For the cyclooxygenase-2 (COX-2) structural model (PDB ID: 5KIR), the native ligand
rofecoxib was computationally extracted and re-docked into the defined active pocket.
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The top-ranked conformation generated by the algorithm closely replicated the experimentally
determined crystal structure orientation, yielding a Root Mean Square Deviation (RMSD) value
of 1.36 A. Within computational drug design, an RMSD threshold of less than 2.0 A is universally
recognised as a successful validation benchmark. Therefore, this minimal deviation firmly
establishes the geometrical accuracy of the docking parameters. Similarly, validation of the 5-
lipoxygenase (5-LOX) docking system demonstrated high spatial reproducibility, returning an
RMSD value of 1.38 A. These validation data confirm that the scoring functions are highly

optimised to identify genuine target-ligand interactions for the Spirulina-derived bioactive.

The residue-level interaction profiling within the COX-2 catalytic channel revealed distinct
thermodynamic behaviour. The reference drug, celecoxib, achieved the most optimised binding
profile with a thermodynamic score of -11.7 kcal/mol. This high stability is characterised by its
precise exploitation of the COX-2 hydrophilic side pocket, where its sulphonamide group
establishes a network of stable, directional hydrogen bonds with key residues Arg513 and Ser353.
For the Spirulina candidates, Gamma-linolenic acid (GLA) (-7.9 kcal/mol) and Phycocyanobilin
(-7.8 kcal/mol) demonstrated moderate-to-strong binding capabilities. GLA acted as a substrate-
mimic; its carboxylate head group successfully anchored via polar contacts with Ser353, whilst its
flexible hydrocarbon chain extended fluidly along the hydrophobic arachidonic acid channel.
Phycocyanobilin displayed a balanced, multi-contact interaction topology forming extensive van
der Waals and n-mediated contacts. Our molecular docking analysis revealed a strong binding
affinity, yielding a score of -8.4 kcal/mol. This indicates a highly stable interaction between the
ligand and the active site of the enzyme specific cyanobacterial metabolites against the COX
pathway. Conversely, the carotenoids (B-carotene and zeaxanthin) exhibited weak and non-
specific binding limited to hydrophobic contacts, lacking the directional hydrogen bonds necessary

for stable competitive inhibition.

For the 5-LOX enzyme, a contrasting interaction profile emerged. Owing to the expansive and
deeply hydrophobic nature of the 5-LOX binding cavity, massive lipophilic frameworks
computationally out-performed smaller clinical drugs. While Beta-carotene and Zeaxanthin
recorded exceptionally high negative binding energies (-9.0 and -8.6 kcal/mol, respectively),

theoretically surpassing the clinical reference Zileuton (-7.2 kcal/mol), a critical evaluation of their
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2D interaction maps revealed that they completely lack directional hydrogen bonding.
This phenomenon, where empirical scoring functions overestimate the affinity of massive
lipophilic molecules, perfectly echoes the findings of, who observed a scoring deviation of up to
3.0 kcal/mol for long-chain hydrophobic molecules. Furthermore, true competitive 5-LOX
inhibition requires precise polar interactions—such as iron coordination within the active site—
typically yielding affinities around -7.0 to -7.5 kcal/mol, Furthermore, the analysis demonstrated
that hydrophobic interactions play a crucial role in stabilizing the compounds within the binding
pocket, significantly contributing to the overall binding affinity. This precision is perfectly
demonstrated by Zileuton, which, despite its smaller size, exhibited highly stable polar anchoring.
Combined with its superior human intestinal absorption rate (92.83%) identified during pkCSM
profiling, Zileuton remains the superior standalone competitive inhibitor.

The in silico ADMET profiling provided crucial insights into the drug likeness and safety of the
tested compounds. The synthetic clinical inhibitors (Rofecoxib, Celecoxib, and NDGA) all
predicted high gastrointestinal (Gl)absorption but triggered significant toxicity alerts, including
hepatotoxicity (Rofecoxib, Celecoxib) and AMES mutagenicity (Rofecoxib). This computational
prediction accurately reflects their known clinical adverse effects, which historically led to the

market withdrawal of Rofecoxib.

In contrast, the natural Spirulina metabolites presented a different pharmacokinetic paradigm.
GLA exhibited excellent drug likeness, high GI absorption, and BBB permeability, making it a

viable bioavailable anti-inflammatory lipid. However, the macromolecular pigments,

Phycocyanobilin and the carotenoids (Zeaxanthin, Beta-carotene), exhibited significant Lipinski
rule violations due to their massive molecular weights and extreme lipophilicity (LogP > 9 for
carotenoids), resulting in predicted low oral GI absorption. Crucially, Phycocyanobilin showed an

excellent safety profile with zero AMES and hepatotoxicity alerts.

The low predicted oral bioavailability of these natural pigments scientifically justifies their
application in topical formulations rather than oral dosage forms. This strongly corroborates the in
vivo wound healing results discussed previously, where the direct topical application of the
extracts bypassed Gl absorption barriers, allowing the high molecular weight compounds (like
Phycocyanobilin and tannins) to exert direct, localized anti-inflammatory and antioxidant effects

at the tissue injury site.
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The extreme lipophilicity and poor oral bioavailability of intact carotenoids are well-documented
by (Bohn et al. 2008), who noted that such molecules require specialized lipid micelle systems for
efficient intestinal uptake. The excellent safety profile and topical efficacy of Phycocyanobilin are
supported by the work of (Madhyastha et al. 2020), who demonstrated that formulating
cyanobacterial pigments into topical dermal delivery systems maximizes their potent wound-
healing and anti-inflammatory properties while avoiding the pharmacokinetic limitations of oral

administration.
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This study successfully demonstrated the potent anti-inflammatory and wound-healing properties
of Spirulina platensis extracts, validating their therapeutic potential through a comprehensive in
vitro, in vivo, and in silico approach. The phytochemical profiling revealed a rich composition of
polyphenols, flavonoids, and condensed tannins, which directly correlated with the robust
antioxidant and in vitro anti-inflammatory activities observed. Notably, the in vivo wound-healing
models confirmed that the topical application of the Spirulina decoction extract significantly
accelerated tissue repair, achieving an outstanding 96% wound contraction rate by day 16.
To elucidate the underlying molecular mechanisms, our computational investigations (Molecular
Docking and ADMET) targeted the COX-2 and 5-LOX inflammatory pathways. The in-silico
findings highlighted those key bioactive molecules of Spirulina, particularly Gamma-Linolenic
Acid (GLA)and Phycocyanobilin, establish strong interaction networks within the catalytic sites
of these enzymes. Furthermore, the ADMET profiling provided a critical scientific justification
for our in vivo methodology: the massive molecular weights and extreme lipophilicity of the
natural pigments (such as carotenoids and phycocyanobilin) predict poor oral gastrointestinal
absorption but display an excellent safety profile (zero AMES and hepatotoxicity alerts). This
strongly confirms that these bioactive compounds are optimally suited for localized, topical
applications rather than systemic oral administration.

In conclusion, Spirulina platensis represents a highly valuable, safe, and effective natural reservoir
of multi-target bioactive compounds capable of modulating complex inflammatory cascades and
promoting rapid structural tissue regeneration.

Building upon the promising findings of this multifaceted research, several future directions and
recommendations can be proposed:

1. Formulation and Optimisation: Development of advanced topical delivery systems—such as
nano-emulsions, liposomes, or hydrogels—encapsulating the bioactive Spirulina extracts to
enhance skin penetration, stability, and sustained release for clinical wound management.
2. Molecular Dynamics (MD)Simulations: Conducting rigorous and prolonged MD simulations to
assess the thermodynamic stability, flexibility, and conformational dynamics of the Ligand-
Enzyme (COX-2 and 5-LOX) complexes over time, thereby complementing and validating the
static molecular docking predictions.

3. Isolation and Synergistic Studies: Scaling up the extraction process to isolate and purify specific

primary molecules (e.g., pure Phycocyanobilin and GLA), followed by evaluating their individual
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versus combined in vivo efficacies to precisely map their synergistic contributions to the wound
healing process.

4. Pre-clinical and Clinical Trials: Transitioning from murine models to more advanced pre-
clinical and eventually phase-I clinical trials on human subjects. This step is crucial to thoroughly
evaluate the safety, tolerability, and true therapeutic efficacy of the optimised Spirulina-based
topical formulations in treating chronic dermal wounds and localized inflammatory skin

conditions.
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