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ARTICLE INFO ABSTRACT

Keywords: Chronic and severe inflammation results in many diseases and disorders in humans. Currently, available con-

Inflammation ventional anti-inflammatory drugs have numerous mild-to-severe side effects. Thus, there is a need for safe,

zdalrml effective, affordable, and alternative anti-inflammatory drugs. This study aimed to evaluate the anti-inflammatory
yclooxygenase

effect of sclareol (SCL), a diterpene alcohol that is the principal ingredient in the refined oil of Salvia sclarea (L.),
through in vivo and in silico studies. First, we examined the individual and combined effects of SCL (5, 10, and 20
mg/kg) and standard drugs celecoxib (CXB) or ketoprofen (KPN) at 42 mg/kg (p.o.) on the formalin-induced
inflammatory Swiss mice. Additionally, an in silico analysis was conducted to evaluate the potential anti-
inflammatory mechanism of this study. For this, we examined the potentiality of SCL and standards to interact
with cyclooxygenase (COX) -1 and COX-2 receptors. Our findings suggest that SCL exhibits a dose-dependent anti-
inflammatory effect in mice. SCL-20 mg/kg significantly reduced the number of paw licks and paw edema di-
ameters. Moreover, SCL-20 combined with CXB-42 and KPN-42 demonstrated better anti-inflammatory effects. In
comparison to the standards, SCL revealed a comparable binding interaction with COX-1 and COX-2 receptors in
the molecular docking study. Furthermore, SCL displayed remarkable pharmacokinetic characteristics. In
conclusion, SCL significantly and dose-dependently reduced the number of paw licks and edema diameters in
animals. Thus, SCL may be responsible for producing an anti-inflammatory effect by interacting with COX-1 and
COX-2 receptors.

Anti-Inflammatory effect
Molecular docking simulation

1. Introduction collagen, leukocytes, or lymphocytes may result from inflammation if

specific target removal and supporting tissue repair are not well sched-

Inflammation is a widespread phenomenon that arises in major dis-
turbances of homeostasis such as infection, injury, and exposure to pol-
lutants. It is caused by innate immune receptors that identify pathogens
and wounded cells [1]. In most cases, this process leads to infection re-
covery and healing of other tissues [2]. Chronic tissue damage caused by

uled [3]. It is often believed that microbial invasion is the primary source
of the traditional causes of inflammation [4]. According to how long an
illness has been prevalent, inflammation can be divided into two types:
acute inflammation and chronic inflammation. Acute inflammation lasts
for a few days or weeks and is the body's initial reaction to damaging
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stimuli [5]. In contrast, chronic inflammation is defined by the simulta-
neous occurrence of tissue apoptosis and regeneration [6]. Numerous
chronic disorders such as asthma, atherosclerosis, diabetes, cancer,
myocardial infarction, chronic heart failure, and more have been directly
or indirectly associated with chronic inflammation [7].

Several mediators that constitute complex regulatory systems work
together to coordinate the inflammatory response. Signals that initiate
the inflammatory response are produced by inducers [8]. The mediators
modify the functional states of the tissues and organs in a way that en-
ables them to adjust to the circumstances caused by specific
inflammation-inducing agent [9]. As a result, a generic inflammatory
"pathway" is made up of inducers, sensors, mediators, and effectors, each
of which controls the nature of the inflammatory reaction [10]. Inflam-
matory mediators such as tumor necrosis factor (TNF), interleukin (IL) -1,
IL-6, and chemokines are triggered by the activation of pathogen-specific
receptors [11]. In this regard, increased production of inflammatory
cytokines controls the liver cells’ secretion of C-reactive protein and
coagulation factors [12]. These proteins stimulate the development of the
brain endothelium and aid in the creation of prostaglandins (PGs), which
act on the central nervous system (CNS) to start sensations like pain and
fever [13]. An important role of PGs in the production of inflammatory
response is to arise the typical symptoms of acute inflammation and
dramatically increase their production in inflamed tissue [14]. In this
context, arachidonic acid (AA), produced from the plasma membrane
through phospholipases and processed by the sequential acts of PGG/H
synthase or by cyclooxygenase (COX) and their associated synthases, is
converted into PGs and thromboxane A, (TXAjp), which are together
referred to as prostanoids [15]. The main bioactive PGs produced in vivo
include prostaglandin E2 (PGE2), prostacyclin (PGI2), prostaglandin D2
(PGD2), and prostaglandin F2a (PGF2a) [16]. The quantity and degree of
PG formation fluctuate significantly when an inflammatory reaction oc-
curs because, in healthy tissues, PG synthesis is typically quite modest,
but it rises quickly during acute inflammation [17].

Non-steroidal anti-inflammatory drugs (NSAIDs) can inhibit COX-1
and, to a lesser extent, COX-2, which reduce inflammation, pain, and
heat [18]. However, long-term use of NSAIDs may harm kidneys and
stomach mucosa, possibly as a result of diminished cytoprotection by
PGE2 [19]. Furthermore, inflammation has been linked to several
neurodegenerative conditions, including Alzheimer's disease, Parkinson's
disease, multiple sclerosis, and many more [20]. Many studies have
shown that inflammation has positive short-term effects and negative
long-term effects in these conditions [21]. For instance, inhibiting
inflammation with antagonists or specific gene inhibitors can make a
person more vulnerable to infection [22].

Plants are the major source of phytochemicals used in the develop-
ment of new medications. International businesses are more motivated
than ever to look for compounds derived from plant sources as leads for
new drugs [23]. The enormous therapeutic potential for treating disor-
ders that impact living things is represented by the structural diversity of
plant metabolites [24]. Moreover, there have been complaints that
expensive medications with unfavorable side effects are used far too
frequently in modern pharmaceutical practice [25]. Thus, natural com-
pounds appear to solve several contemporary health issues with fewer
adverse effects [26]. In this context, several phytochemicals found in
plants are beneficial in decreasing inflammation and have fewer side
effects [27]. In addition, as NSAID usage is linked to several adverse
effects on kidney and gastrointestinal systems, medicinal herbs are uti-
lized as a substitute for these pharmaceuticals [28]. The major drawback
of newly developed synthetic medications is their toxicity and the
recurrence of symptoms after withdrawal [29]. As a result, it is essential
to investigate and discover medications that have anti-inflammatory
action, and attempts are being made to discover anti-inflammatory
compounds from medicinal herbs [30].

Sclareol (SCL, labd-14-ene-8, 13-diol) is a biologically active labdane-
type diterpene that is derived from the fresh leaves and flowers of clary
sage (Salvia sclarea L.), a plant that is extensively grown for its essential
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oil, which is a common ingredient in food, cosmetics, and conventional
medications [31]. SCL can alter cytokine patterns, which in turn modifies
immunological responses [32]. SCL exhibits several important biological
activities, where it acts against diabetes and high blood pressure, and
exerts effects against tumors, inflammation, and harmful microbes [33].
According to early literature, SCL was frequently used in empirical
medicine to treat a variety of illnesses, including dysmenorrhea, mouth
irritation, arthritis, and ailments of the digestive system [34]. Sclareol
has recently been discovered to reduce pulmonary inflammation brought
on by lipopolysaccharide by inhibiting nuclear factor kappa-light chai-
n-enhancer of activated B cells (NF-kB) and mitogen-activated protein
kinase (MAPK) and activating heme oxygenase-1 (HO-1) signaling
pathways [35].

Previous research findings showed that SCL inhibits the growth of a
variety of cancer cells, including breast, colon, and lung cancer [36]. In
addition, SCL nearly exhibited the same anti-microbial impact as flu-
conazole against several microorganisms [37]. Moreover, the discovery
of SCL as a new Calcium channel, voltage-dependent, L-type, and alpha
1D subunit (Cavl.3) antagonist against Parkinson's disease seems
encouraging [38]. SCL has also been regarded as a potential treatment or
preventative measure for SARS-CoV-2 by specifically targeting COVID-19
main protease (MPro) [39]. Additionally, as an F1Fo-ATP synthase in-
hibitor, SCL reduces the number of free radicals produced in retinal rod,
suggesting that it may one day be used as a treatment for retinal diseases
[40].

This study intends to assess the anti-inflammatory effects of SCL in
Swiss albino mice as a formalin-induced paw edema model, relying on
previous research and SCL's broad range of biological activity. To further
comprehend the potential mechanism(s) of action for this anti-
inflammatory activity, in silico investigations were carried out. Even
yet, more research is much desired to enable the use of SCL as an anti-
inflammatory drug in clinical trials.

2. Materials and methods
2.1. Invivo study

2.1.1. Chemicals and reagents

We bought SCL 98.0% [Cas No. 515-03-7] from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). The standard medications cele-
coxib (CXB) [Cas No. 169590-42-5] and ketoprofen (KPN) [Cas No.
22071-15-4] were purchased from East West Pharma (India) Private
Limited and Eskayef Pharmaceuticals Ltd. (Bangladesh), respectively.
Loba Chemie Pvt. Ltd.,, Mumbai, Maharashtra, (India) supplied the
emulsifier tween-80 [Cas No. 9005-65-6] and the inflammatory agent
formalin [Cas No. 50-00-0]. The chemical structures of SCL and standards
are shown in Fig. 1.

2.2. Selection and preparation of test/control groups

2.2.1. Experimental animals

Forty healthy adult male Swiss albino mice of either sex (24-28 g, 6-7
weeks of age) purchased from the animal house of Jahangirnagar Uni-
versity (Savar, Bangladesh) were used throughout this investigation.
These animals were housed in cages at the Pharmacology Lab of Ban-
gabandhu Sheikh Mujibur Rahman Science and Technology University
(BSMRSTU), Gopalganj. They were given free access to a standard diet
(food and water) ad libitum and were kept under controlled lighting
(12 h dark/light cycle), 60-70% moisture, and 26 + 2°C until the test
commenced. Animals were randomly divided into eight groups of five
animals each. Drug was administered orally with the aid of a stainless-
steel needle attached to a plastic syringe. The present experiment was
conducted from 08:00 a.m. to 3:00 p.m., and the animals were monitored
for 17 h to check their possible mortality after the study. Experimental
design and protocols were approved by the Department of Pharmacy and
Animal and Human Ethical Committee of BSMRSTU (#bsmrstul6-11/
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Fig. 1. Chemical structure of sclareol and reference drugs.

22). Details of the groups, treatment, doses, and target receptors are
listed in Table 1.

2.2.2. Dose selection for sclareol

According to previous research, oral dosages of 5-150 mg/kg of SCL
may have a considerable anti-inflammatory effect in experimental ani-
mals [41]. SCL may be an innovative approach to managing inflamma-
tory reactions, as evidenced by another study that shows it to have strong
dose-dependent anti-inflammatory effects in mice at doses of 2.5, 5, and
10 mg/kg [42]. Additionally, mice given SCL (5 and 10 mg/kg) showed a
decrease in skin dermatitis lesions [43]. In this study, we determined the
maximum oral dose of SCL to be 5, 10, and 20 mg/kg based on the results
of the literature review (safety, toxicity, dosage response, and clinical
relevance).

2.2.3. Study design (formalin-induced paw edema in mice)

For this study, we used 12-h fasted animals after 7-day acclimation in
the laboratory environment. Briefly, a total of forty mice (24-30 g, b.w.)
of both sexes were randomly divided into eight groups of five animals
each (Table 1). All the treatments were given via oral gavage (p.o.)
30 min before injection of formalin (0.5% formaldehyde) solution in the
sub-plantar area of the right hind paw of the animals. For this, 50 pL of
formalin solution prepared in normal saline was injected into each ani-
mal. Then the licking behavior was counted for the first 1-10 min (early
phase) and 21-30 min (late phase), while the paw edema diameter was
measured by using a slide caliper at 60, 90, and 120 min after formalin
injection. Paw edema was determined compared to the baseline (normal)
paw diameter of each animal in millimeters. Then the following pa-
rameters were determined.

PED (mm) = Paw diameter in observed time — Baseline paw diameter

(PDOTyepicie— PDOTreq)

%RPE =
‘ (PDOT i)

x 100 100

Table 1
Name of treatments, their dose, and the target receptor.

Treatment Composition Dose Target receptor
groups
Gr-I Vehicle (0.5% tween-80 10 ml/kg -
dissolved in normal saline)
Gr-1I Sclareol (SCL) 5 mg/kg Under
Gr-IIT 10 mg/kg investigation
Gr-IV 20 mg/kg
Gr-V Celecoxib (CXB) 42 mg/kg COX-2
Gr-VI Ketoprofen (KPN) 42 mg/kg COX-1
Gr-VII SCL-10 + CXB-42 10 mg/kg + Under
42 mg/kg investigation
Gr-VIII SCL-10 + KPN-42 10 mg/kg +
42 mg/kg

All treatments are given at 10 ml/kg via oral gavage (p.o.); SCL: Sclareol; CXB:
Celecoxib; KPN: Ketoprofen; COX: Cyclooxygenase.

%TRE = (Number of animals with normal paw + Total animals in a
group) x 100

Where, PED, PDOT, RPE, and TRE mean paw edema diameter, paw
diameter in observed time, reduction of paw edema, and total reduction
of edema at final observation time.

2.2.4. Statistical analysis

Results of the anti-inflammatory activity are provided as the
mean =+ standard error of the mean (SEM) or percentage values. Statis-
tical analysis was performed with the aid of GraphPad Prism (version
9.5) [44]. Data were subjected to one-way analysis of variance (ANOVA),
and then the post hoc test of t-Student-Newman-Keuls was used to
compare the experimental groups with the vehicle (control) group; dif-
ferences were considered significant at p < 0.05 at the 95% confidence
intervals.

2.3. In silico studies

2.3.1. Homology model of Cyclooxygenase-1 (COX-1) and Cyclooxygenase-
2 (COX-2) receptors

2.3.1.1. Retrieval of sequences. The protein sequences of COX-1 and
COX-2 were retrieved from the UniProt protein repository and then saved
in Notepad in the FASTA file format with the accession ID. The UniProt
protein database, which is accessible to the public, contains the amino
acid sequences of proteins [45].

2.3.1.2. Model building and evaluation. We conducted homology
modeling of the COX-1 and COX-2 receptors using the excellent online
program "SWISS-MODEL" [46]. The NCBI BLAST program [47] was used
to perform a BLAST analysis to identify the most suitable templates. The
stereochemical properties of homology models were assessed using the
®-¥ Ramachandran plot [48]. Moreover, the PROCHECK approach with
the PDBsum server was used to verify the accuracy and validity of the
models [49].

2.3.2. Protein preparation

In protein preparation, macromolecules were refined by removing
extraneous amino acid residues and water molecules with PyMOL
version 1.7.4.5 Edu [50]. Thereafter, the energy consumption of the
protein structure was reduced using the Swiss-PDB Viewer software
package (version 4.1.0) with the GROMOS 96 43B1 parameters set [51].

2.3.3. Ligand preparation

The 3D chemical structures of standard drugs CXB and KPN (Pub-
Chem ID: 3825 and 2662, respectively) and SCL (PubChem ID: 163263)
were obtained from the PubChem database in the 'sdf format [52]. We
minimized the ligands using Chem3D Pro 20.1.1 software applications
providing Allinger's force field (MM2) method [53].

2.3.4. Docking protocol and non-bond interactions
Molecular docking simulation is a computerized method for drug
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design utilized in pharmaceutical research. This approach is used to
assess the pharmacodynamic qualities of active compounds by evaluating
and aligning molecules to specific binding sites using PyRx v0.8 virtual
screening software [54]. The docking output establishes the ligand
binding intensity at the specific protein's active site. In this technique,
kcal/mol is normally used as a unit when the ligand's binding affinity for
a negative score is calculated [55]. On the other hand, BIOVIA Discovery
Studio v21.1.0 is used to investigate the active binding areas of the
proteins for analyzing non-bond interactions between ligand-protein
complexes [56].

2.3.5. Pharmacokinetics and drug-likeness properties

Statistical analysis of pharmacokinetics examines how well the body
reacts to medications given over time, referred to as ADMET properties.
In this regard, the in silico technique is essential because it helps a
chemical become a viable medicine by studying its preliminary phar-
macokinetic properties. The qualitative parameter known as "drug-like-
ness" is employed in study and development to determine how precisely a
chemical resembles a pharmaceutical in diverse situations. To test the
ADMET functions and drug-likeness characteristics of SCL and the stan-
dards, the SwissADME database [57], the pkCSM web program [58] and
the publicly accessible ProTox-II servers [59] were used.

3. Results
3.1. Invivo study

3.1.1. Formalin-induced paw edema in mice

A typical experimental model in pharmacology research is Formalin-
induced paw edema in Swiss mice. This model is intended for use in the
research of inflammation, particularly acute inflammatory reactions
[60]. Formalin is used to cause inflammation in the hind paws of mice so
that researchers may study several aspects of inflammation and evaluate
if certain test substances or medications have any anti-inflammatory
properties [61]. The results of our investigation on how SCL affects
mice's paw licking are displayed in Table 2. It showed that the standard
drugs CXB (42 mg/kg) and KPN (42 mg/kg) as well as SCL
dose-dependently and significantly (p < 0.05) decreased the number of
paw licks in both phases compared to the control (vehicle) group. SCL
reduced the licking parameter more effectively when combined with CXB
or KPN (Gr-VII and Gr-VIII) in all phases. Moreover, SCL at 20 mg/kg or
its combination with KPN significantly (p < 0.05) reduced paw licking
more than CXB alone (Gr-V) or co-treated (Gr-VII) with it (Table 2).
Results also indicated that the maximal dose of the SCL-20 group exhibits
better activity (0.40 £+ 0.22 mm) as compared to the groups given
vehicle, CXB, and KPN, which exhibited PED values of (2.00 4 0.00,
0.70 + 0.34, and 0.40 £ 0.22 mm, respectively) for 120 min.

Table 2
The number of paw licking observed in test and/or control groups.
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Furthermore, data in Table 3 indicate that the combined groups have
smaller paw edema diameters than the NC group along with the stan-
dards, and the (SCL + KPN) group has the smallest PED (0.10 +
0.11 mm), which was the lowest observed. Similarly, an elevated
reduction in paw edema (RPE) (80%) for 120 min compared to NC was
observed for the highest dose of SCL-20. Additionally, the (SCL + KPN)
group had the highest RPE value (95%) among the combined groups.
However, this group also showed the maximum TRE value (80%) for
120 min. Moreover, results in Table 4 indicate that the SCL-10 and SCL-
20 exhibit TRE values of 40 and 60%, respectively, which are similar to
the standards CXB and KPN.

According to our in vivo findings, SCL significantly and dose-
dependently decreased the number of licking in each group when
compared to the vehicle group and improved the paw edema diameter
over time when compared to the control groups.

3.2. Insilico studies

3.2.1. Homology model of Cyclooxygenase-1 (COX-1) and Cyclooxygenase-
2 (COX-2) receptors

Homology modeling is one of the major computerized structural
prediction methods used in developing 3D models of protein sequences
employing experimentally verified structures of relevant family members
as templates [62]. It is regarded as one of the most precise techniques and
is crucial in improving, simplifying, lowering the cost, and enhancing the
utility of the drug discovery process [63]. Within this context, the in-
flammatory receptors COX-1 and COX-2 have amino acid sequences
available in the UniProt database (UniProt accession IDs: P00395 and
P00403, respectively). The NCBI Blast Algorithm was subsequently uti-
lized to select the closest homologous templates of COX-1 and COX-2,
which were generated by the SWISS-MODEL web server. Fig. 2 depicts
the three-dimensional homology model of the inflammatory receptors.
The Ramachandran plot (Fig. 3), obtained by the PROCHECK program
[64], was applied to verify the homology models. Thereafter, the
Swiss-PDB Viewer application (v4.1.0) [65] was employed to optimize
the inflammatory models before molecular docking simulation.

On the other hand, the Ramachandran plot is important in deter-
mining how stereochemically accurate the protein model is. The
conformation angles (®-¥), also referred to as the Ramachandran angles,
are responsible for determining the framework of the polypeptide chain
in a protein molecule. The Ramachandran plot, which compares these
angles against one another to identify the range of permissible and un-
desirable torsion angle values, is used to evaluate the quality of three-
dimensional protein structures. As glycine residues are not restricted to
the plot regions specified for the other side chain groups, triangles are
used to represent them. The intensity and color of the map correspond to

Table 3
Paw edema diameter observed in test and/or control groups.

Treatment groups Number of licking

Treatment groups Edema diameter (mm)

Early phase (1-10 min) Late phase (21-30 min) 60 min 90 min 120 min
Grl 42.20 £ 2.10 22.40 £ 2.17 Grl 2.20 + 0.22 1.80 + 0.22 2.00 + 0.00
Gr-II 15.60 =+ 1.99*° 5.40 + 1.93*" Gr-II 1.70 + 0.22* 1.00 + 0.25*° 0.50 + 0.18%"
Gr-Il 13.80 + 2.16*° 3.60 + 1.58*" Gr-IIl 1.50 + 0.25*® 0.90 + 0.27*" 0.50 + 0.25*"
Gr-IV 10.80 + 0.96*° 1.60 + 1.27*% Gr-IV 1.30 + 0.34*2¢ 0.85 + 0.43*% 0.40 + 0.27+%
Gr-v 16.00 + 2.50* 6.20 + 2.13* Gr-v 1.60 + 0.27* 1.40 + 0.27* 0.70 + 0.34*
Gr-VI 8.60 + 2.86*% 1.40 + 1.03*® Gr-VI 1.40 + 0.27*% 0.80 + 0.22+%° 0.40 + 0.22%%°
Gr-VII 10.40 + 0.84* 1.60 + 1.01*® Gr-VII 1.70 + 0.29* 0.90 + 0.21*" 0.40 + 0.21%%
Gr-VIII 7.40 + 0.84%% 1.10 + 0.93%% Gr-VIII 1.50 + 0.18*" 0.80 + 0.22%% 0.10 + 0.11%2¢

Values are the mean + standard error of the mean (SEM) (n = 5); One-way
ANOVA followed by t-Student-Newman-Keuls's as post hoc test at 95% confi-
dence intervals; *: P < 0.05 compared to the Vehicle group; a: p < 0.05 compared
to the Gr-III; b: p < 0.05 compared to Gr-V; Gr-I: Vehicle; Gr-II: Sclareol (SCL)
5 mg/kg; Gr-III: SCL 10 mg/kg; Gr-IV: SCL 20 mg/kg; Gr-V: Celecoxib (CXB)
42 mg/kg; Gr-VI: Ketoprofen (KPN) 42 mg/kg; Gr-VII: SCL-10 + CXB-42; Gr-VIII:
SCL-10 + KPN-42.

Values are the mean =+ standard error of the mean (SEM) (n = 5); One-way
ANOVA followed by t-Student-Newman-Keuls's as post hoc test at 95% confi-
dence intervals; *: p < 0.05 compared to the Vehicle group; a: p < 0.05 compared
to the Gr-IIL; b: p < 0.05 compared to Gr-V; c: p < 0.05 compared to Gr-VI; Gr-I:
Vehicle; Gr-II: Sclareol (SCL) 5 mg/kg; Gr-III: SCL 10 mg/kg; Gr-IV: SCL 20 mg/
kg; Gr-V: Celecoxib (CXB) 42 mg/kg; Gr-VI: Ketoprofen (KPN) 42 mg/kg; Gr-VIL:
SCL-10 + CXB-42; Gr-VIIL: SCL-10 + KPN-42.
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Table 4

Paw edema reduction profiles in test and/or control groups.
Treatment groups Edema diameter (%) TRE (%)

60 min 90 min 120 min 120 min

Gr-I 0.00 0.00 0.00 0.00
Gr-1I 22.72 44.44 75.00 20.00
Gr-III 31.82 50.00 75.00 40.00
Gr-IV 40.91 52.78 80.00 60.00
Gr-V 27.27 22.22 65.00 40.00
Gr-VI 36.36 55.56 80.00 60.00
Gr-VIL 22.72 50.00 80.00 40.00
Gr-VIII 31.82 55.56 95.00 80.00

Values are expressed as percentages compared to the vehicle group; TRE: Total
edema reduction at final observation time. Gr-I: Vehicle; Gr-II: Sclareol (SCL)
5 mg/kg; Gr-III: SCL 10 mg/kg; Gr-IV: SCL 20 mg/kg; Gr-V: Celecoxib (CXB)
42 mg/kg; Gr-VI: Ketoprofen (KPN) 42 mg/kg; Gr-VII: SCL-10 + CXB-42; Gr-VIII:
SCL-10 + KPN-42.

the various regions that have been explored; the "core" regions, or darkest
regions, are displayed in red and correspond to the most beneficial ®-¥
value combinations. Idealistically, more than 90% of the leftovers would
be located in these "core" regions. The most dependable indicators of
stereochemical integrity are the proportion of residues that are concen-
trated in the "core" regions. According to Ramachandran plot statistics,
the residues in the most ideal regions for COX-1 and COX-2 are
approximately 96.65% and 96.00%, respectively.
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3.2.2. Interaction of sclareol (SCL) and ketoprofen (KPN) with COX-1
receptor

The degree of interaction that exists between a drug candidate and its
target (such as a protein, enzyme, or receptor) is referred to as binding
affinity in pharmaceutical research [66]. The measurement of binding
affinity aids in the identification of possible medications with high effi-
cacy and specificity [67]. Furthermore, non-bond interactions such as
hydrogen bonds or others, are essential for maintaining the stability of
drug-receptor complex structures. These interactions maintain the
integrity of biological systems [68]. Results from this study revealed that
SCL demonstrates a high binding affinity for the inflammatory COX-1
receptor. The docking score of SCL with COX-1 was -7.5 kcal/mol,
which is impressive when compared to the docking value of
-8.4 kcal/mol for the conventional KPN (Table 5). SCL interacts with
COX-1 through six alkyl bonds and one pi-alkyl bond with Tyr136. On the
other hand, KPN exhibited binding interactions with COX-1 through two
H-bonds (conventional and carbon), two pi-pi stacked bonds, one alkyl
bond with Leu20, four pi-alkyl bonds, and one pi-sulfur bond with
Met468. The non-bond interactions between SCL and KPN with the
COX-1 receptor are illustrated in Fig. 4 in both 2D and 3D configurations.

3.2.3. Interaction of sclareol (SCL) and celecoxib (CXB) with COX-2
receptor

For the inflammatory COX-2 receptor, SCL exhibited exceptional
binding affinity. SCL has a remarkable docking result with COX-2 of
-7.2 kecal/mol, which is comparable to the standard CXB's docking value
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Fig. 3. The optimized models of inflammatory receptors (A) COX-1 and (B) COX-2 via SWISS-MODEL.
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Table 5
Best binding affinity results and non-bond interactions of SCL and KPN with
inflammatory receptor COX-1.

Other
bond
residues

Protein
(Receptor)

Binding Number of  H-bond Bond
affinity H-Bond residues length
(kcal/mol) @)

SCL and -7.5 0 - -
COX-1

Prol31
Pro131
Pro222
Ala223
Pro222
Prol31
Tyrl36
Phe393
Phe393
Leu20
Leu20
Ala24
1le73
lle472

KPN and —8.4 2
COX-1

Phe397 2.60
Leu21 2.59

of 7.6 kcal/mol (Table 6). Moreover, SCL interacts with COX-2 via one
conventional H-bond with Ser94, three pi-alkyl bonds, and eight alkyl
bonds. In contrast, CXB revealed binding interactions with COX-2
through three H-bonds (two conventional and one carbon), one pi-pi T-
shaped bond with Phe219, two alkyl bonds, and three pi-alkyl bonds. The
non-bond interactions between SCL and CXB with the COX-2 receptor are
illustrated in Fig. 5 in 2D and 3D configurations.

In this investigation, SCL displayed non-bonding residues similar to
those of CXB with COX-2. However, no comparable residues were found
in the interaction between SCL and COX-1.

3.2.4. Drug-likeness properties and pharmacokinetics
"Drug-likeness" is employed to describe the harmony between struc-
tural features and other molecular properties that regulate the formation

Pharmaceutical Science Advances 2 (2024) 100029

of novel medications. The five Lipinski rules are the primary de-
terminants in the creation of new medicines. This involves the oral
bioavailability of a substance and assists in determining the degree of
absorption or permeability of lipid bilayers that exist within the human
body. In our research, we employed SwissADME to predict the Lipinski
criteria of the compounds. The following criteria must be fulfilled by
drugs: molecular weight <500 Da, hydrogen bond donor groups <5,
hydrogen bond acceptor groups <10, high lipophilicity value (log < P5),
and a molar refractivity of 40-130 [69].

Based on these conditions, SCL may be classified as a drug-like sub-
stance (Table 7). Since it plays a significant role in drug discovery and
development, a thorough examination of pharmacokinetic data is
essential for the therapeutic use of drugs. Moreover, a compound must
meet certain criteria to be designated as a medicine. In this study, we
employed pkCSM and ProTox-II online tools to predict the pharmacoki-
netic parameters or ADMET properties of SCL compared with the stan-
dards. Listed in Table 8 are the pharmacokinetic properties (ADMET) of
SCL and standards.

4. Discussion

Inflammation is the immunological reaction to infections or damage
and has been associated with the pathogenesis and progression of
rheumatoid arthritis, cancer, cardiovascular diseases, and neurological
diseases and disorders [70]. An essentially favorable process, inflam-
mation eliminates irritating elements and repairs damaged tissues and
physiological function [71]. The immediate inflow of granulocytes,
usually neutrophils, quickly followed by monocytes, which develop into
inflammatory macrophages and then multiply and alter the activities of
local tissue macrophages, are the hallmarks of the acute stage of
inflammation [72]. The four essential symptoms of acute inflammation
are rubor (redness), calor (heat), tumor (swelling), and dolor (pain) [73].
The inflammatory response caused by harmful stimuli can be reduced

Tyr136

ALA
A:24

L] Hydrogen bond 1 Alkyl bond

Pi-alkyl bond

Pi-pi stacked B others bond

Fig. 4. The 2D and 3D structure of molecular docking interactions of (A) SCL and (B) KPN with COX-1 receptor.
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Table 6
Best binding affinity results and non-bond interactions of SCL and CXB with in-
flammatory receptor COX-2.

Protein
(Receptor)

Binding Number of ~ H-bond Bond Other
affinity H-Bond residues length bond
(kcal/mol) A residues

SCL and —7.2 1 Ser94 2.50 Alal48

COX-2 Pro223
Leu95
Leu95

Pro145

Leull6

Pro223

Pro223

Tyr110

Phe219

Phe219

CXB and -7.6 3 Glyl14 2.11 Phe219
COX-2 Glyl14 2.48 Leu95

Ser94 2.85 Prol45

Phe219

Pro223
Leu95

and eventually resolved through a process called phagocytosis [74].
Granulocytes are removed when the inflammation diminishes, and the

Pharmaceutical Science Advances 2 (2024) 100029

number of macrophages and lymphocytes reverts to normal levels [75].
Instead of the inflammation persisting and becoming dysfunctional,
which can result in scars and organ dysfunction, the acute inflammatory
reaction often successfully resolves and recovers tissue damage [76].
Hence, it may be expected that chronic dysplastic inflammation, severe
tissue injury, and autoimmunity would be more likely to develop if acute
inflammation persists [15].

PGG/H synthases sometimes referred to as COXs, are bifunctional
enzymes that possess both COX and peroxidase action [77]. They come in
two different isoforms, COX-1 and COX-2, and their activity is essential
for the formation of PGs [78]. Most cells produce COX-1, and it is the
major generator of prostanoids that support administrative activities
including gastric epithelial cytoprotection and homeostasis [79]. In
inflammation in regenerative disorders like cancer, COX-2 is the most
significant source of prostanoid production because it is triggered by
inflammatory stimulants, hormones, and growth factors [80]. Nonethe-
less, both COX-1 and COX-2 can play a role in releasing prostanoids
during inflammation and help produce autoregulatory and homeostatic
prostanoids [81]. However, COX-2 seems to be the main catalyst to
produce PGs during inflammation, and there is certain evidence that
indicates both isoforms may be involved in the acute inflammatory
response [77]. Furthermore, it is known that COX-1 is induced during the
inflammatory response caused by LPS and cellular development, and the

5 ©
B:219

TYR
B:110

[ Hydrogen bond [ Ayl bond

[ ] Pi-alkyl bond

Pi-pi stacked I others bond

Fig. 5. The 2D and 3D structure of molecular docking interactions of (A) SCL and (B) CXB with COX-1 receptor.

Table 7
Lipinski's rule of five analyses of SCL and standards.

Ligands Formula Molecular Weight (g/ mol) H-Bond donors (HBDs) H-Bond acceptors (HBAs) log Po/w (XLOGP3) Molar refractivity
Sclareol C20H3602 308.50 2 2 4.93 95.43
Celecoxib C17H14F3N30,8 381.37 1 7 3.40 89.96
Ketoprofen Ci16H1403 254.28 1 3 3.12 72.67
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Table 8
Pharmacokinetic properties (ADMET) of SCL and standards.
Properties Factors SCL CXB KFN
Absorption Aqueous solubility (log mol/ —4.988 —4.45 —2.96
[GY) L)
Caco-2 permeability (log Papp  1.60 0.83 1.27
in 10-6 cm/s)
Intestinal absorption (% 90.824 92.995 100
Absorbed)
Distribution VDss (human) (log L/kg) 0.382 —-0.273 —1.944
(D) Blood-brain barrier (log BB) —0.073 —0.931 —0.162
CNS Permeability (log PS) —2.517 —2.052 —2.156
Metabolism CYP2D6 inhibitor No No No
™) CYP3A4 inhibitor No Yes No
Excretion (E) Total clearance (log ml/min/ 0.914 0.435 0.286
kg)
Toxicity (T) Hepatotoxicity No Yes No
AMES toxicity No No No
Skin sensitization No No No
Max. tolerated dose (human) —0.489 0.178 0.71
(log mg/kg/day)
hERG I inhibitor No No No
hERG II inhibitor No No No
Oral rat acute toxicity (LDsq) 1.848 1.975 2.174
(mol/kg)
Carcinogenicity Inactive  Active Inactive
Immunotoxicity Inactive  Inactive  Inactive
Mutagenicity Inactive  Inactive  Inactive
Cytotoxicity Inactive  Inactive  Inactive

Data in Table 8 reveal that all calculated factors related to SCL, including aqueous
solubility, Caco-2 permeability, intestinal absorption, VDss (human), blood-brain
barrier, CNS permeability, CYP family metabolism, total clearance, hepatotox-
icity, AMES toxicity test, skin sensitization, maximum tolerated dose (MTD),
human ether-a-go-go-related gene (hERG) I and II inhibitors, and oral rat acute
toxicity (LDso), are within the allowable limits. Additional toxicity profiles, such
as carcinogenicity, immunotoxicity, mutagenicity, and cytotoxicity, have also
been considered remarkable.

enzyme is mainly expressed in local inflammatory cells [82]. According
to human research, the first stage of acute inflammation is driven by
COX-1-derived mediators, whereas COX-2 overexpression occurs a few
hours later [83]. Unfortunately, large-scale controlled clinical studies
were never carried out to compare the effectiveness of NSAIDs that
suppress both COXs (e.g., COX-1 and COX-2) and COX-2 independently.
Instead of comparing clinical effectiveness, these experiments were
developed to identify differences in the frequency of GI side effects [15].

Male experimental animals are used in most preclinical in vivo
research to prevent hormonal interference with the treatments. However,
because of these male biases, different dosages, dose frequencies, phar-
macological, and pharmacokinetic characteristics may be used for a
whole population. For instance, the US Food and Drug Administration
(FDA) reports that ten prescription medications caused significant
adverse effects in women between 1997 and 2000. Therefore, it is
essential to evaluate a new medication candidate employing both sexed
animals in a preclinical inquiry to achieve exact and reproducible bio-
logical outcomes applicable to both men and women [84]. For this
reason, we utilized Swiss albino mice of both sexes in the current
investigation.

The formalin test is a frequently employed model of inflammatory
and chronic pain [85]. Formalin is an aqueous (water) 40% solution of
formaldehyde, a smelly gas that can be used as an antiseptic, disinfectant,
and histological tissue fixative [86]. Infusion of formalin into a rodent's
paw causes an inflammatory response that results in edema of the
affected area [87]. In our study. injection of formalin caused a biphasic
sensation of pain. The first stage (maximum intensity 5 min after the
administration of formalin) is believed to be induced by the direct acti-
vation of primary afferent sensory neurons and causes neurogenic pain,
while the second stage (occurring between 15 and 30 min after formalin
injection) has been suggested as the result of the interaction between
afferent input and the dorsal horn's central sensitization which
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encompasses the inflammatory responses facilitated by several sub-
stances, including PGs, bradykinin, serotonin (5HT), histamine, and cy-
tokines such as IL-1, IL-6, TNF-q, eicosanoids, and NO [88,89]. Formalin
causes discomfort; however, this irritation also causes a localized in-
flammatory response, including pain. Additionally, the injection of
formalin causes edema and increases vascular permeability [90]. The
edema and inflammatory responses in the formalin test are related to
different chemicals and enzymes. The initial investigations employing
the formalin test in rats without any pathological conditions revealed an
elevation in the release of NO and PGs within the spinal cord. These
biochemical changes were found to have a role in the development of
spinal sensitization, which was facilitated by the activation of gluta-
matergic NMDA receptors [91-93]. In this study, SCL and the standards
CXB and KPN significantly reduced both phases of licking in animals.
However, SCL co-treated with KPN showed better effects than the com-
bined CXB group.

Recent research examined the anti-inflammatory properties of
labdane-type diterpenes in paw edema models [94]. In this regard, re-
searchers used carrageenan and formalin-induced rat paw edema models
to assess the anti-inflammatory properties of polyalthic acid, a
labdane-type diterpenoid. These people found that polyalthic acid sub-
stantially and dose-dependently decreases edema at all dosages used
(10-178 mg/kg). The lowest dosage (10 mg/kg) displayed the smallest
anti-inflammatory activity (29.86%). The effects of the 100 and
178 mg/kg dosages of polyalthic acid exhibited 70.9% and 82.4%,
respectively, which were noticeably larger than the 47.4% result ach-
ieved with the 32 mg/kg dose of the well-known drug naproxen [95].
Another study used the paw model of A-carrageenan (Carr)-induced
edema to investigate the anti-inflammatory effects of SCL. Results
revealed that 10 mg/kg of indomethacin (Indo) and 10 mg/kg of SCL
effectively prevented the development of edema 3 h after treatment
(p < 0.001 or < 0.01). The fact that SCL (10 mg/kg) exerted comparable
effects to Indo (10 mg/kg) in terms of its ability to reduce the production
of the iNOS and COX-2 proteins showed that SCL may have an
anti-inflammatory mechanism involving the inhibition of these proteins
[96]. Our in vivo investigation found that SCL at the highest dose
(20 mg/kg, p.o.) caused the lowest number of paw licks and improved
PED and RPE values in formalin-induced inflammatory mice, which is
consistent with the anti-inflammatory effects shown in previous studies.

A synergistic effect occurs when two or more processes interact,
resulting in an effect that surpasses the total effect of those processes
when employed individually [97]. In our in vivo study, the test compound
SCL exhibited significant synergistic effects with the standard drugs, as
the number of licks and paw edema diameter of the animals in combined
groups reduced with increasing time compared to the animals in standard
groups. Taken together, SCL remarkably dose-dependently reduced the
number of licking in the different groups of SCL-treated animals
compared to the vehicle group. Furthermore, SCL also improved the paw
edema diameter time-dependently compared to the control groups,
indicating its swelling reduction capacity.

The search for innovative medicines and their manufacture takes
much time and effort. As a component of computer-aided drug design
(CADD), in silico molecular docking has grown in prominence recently
[98]. The primary benefit of in silico drug design is that it substantially
lowers the expenses of drug research and development. This strategy can
relate significantly to each stage of drug production, from idea to
conclusion [99]. A wide range of in silico approaches combine and draw
inspiration from various aspects of foundational research and application
[100]. Results from our in silico investigation indicate that SCL has a
strong docking potential for interaction with COX-1 (-7.5 kcal/mol) and
COX-2 (=7.2 kcal/mol) receptors. While some earlier studies suggest that
SCL interacts with a variety of targets to inhibit inflammatory processes
through COX pathways, they did not provide any reliable evidence to
support their selective action [101,102]. In this study, SCL exhibited
similar non-bonding residues like CXB with COX-2 through H-bond
(Ser94), Pi-Alkyl (Phe219) bond, and alkyl (Leu95 and Pro145) bonds
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whereas no identical residues were detected in the interaction between
SCL and COX-1. As a result, even though further study is required, we
might hypothesize that SCL may be a possible selective COX-2 inhibitor.
Furthermore, SCL's drug-like features have no violations of the Lipinski
criteria identified by SwissADME, indicating that it has good absorption
qualities. As compared to the standards, the ADMET scores of SCL ob-
tained from pkCSM and ProTox II servers are also impressive. Taken
together, SCL demonstrated a significant anti-inflammatory effect in
animal models.

Arachidonic acid was initially identified to be metabolized by the
COXs, which produce prostanoids such as TXA; and PGs. Phospholipases
must release the lipid from the plasma membrane for this to happen, and
the COX enzymes must then metabolize it into PGG, and PGH; [103].
Primarily, prostanoids that support household tasks originate from
COX-1 [104]. Conversely, COX-2 is the more significant source of pros-
tanoid production in inflammation which is triggered by inflammatory
stimuli, injuries, cell damage, etc. [105]. They might cause cytokine
storm syndrome by stimulating monocytes, macrophages, and dendritic
cells with a high amount of pro-inflammatory cytokines (e.g. IL-6, IL-1§,
IFN-y, TNF-a, COX-2, iNOS, NF-kB, and T reg cells) [106]. Certainly,
NSAIDs inhibit the COX enzymes that the body needs to produce pros-
taglandins and as a result, contribute to the reduction of inflammation by
lowering  prostaglandin  synthesis [107].  Furthermore, the
anti-inflammatory properties of SCL have been identified in earlier
research [42,102]. More particular, SCL significantly reduced the phos-
phorylation of the MAPK pathway, which in turn reduced the production
of pro-inflammatory cytokines like TNF-a, IL-6, and IL-17. Additionally,
through the Erk-Jnk, MAPK, iNOS, and/or COX pathways, as well as T
cell proliferation and cytokine production, SCL operates on a variety of
targets to suppress inflammatory activity [108]. Our hypothesis for this

mechanism (Fig. 6) is based on previous analysis and our findings (both
in vivo and in silico), suggesting that SCL may function similarly to other
standard drugs and play an important role in reducing inflammation.

5. Conclusions

In conclusion, the use of medicinal plants is becoming more common
in the treatment of a variety of illnesses, including inflammation, due to
their low cost and few side effects. Furthermore, several diterpenoids of
the labdane class may be selected as lead compounds due to their sig-
nificant anti-inflammatory characteristics. Findings from this investiga-
tion suggest that SCL reduces inflammation in formalin-induced
inflammatory mice models. Paw-licking and edema diameters were
significantly decreased (p < 0.05) when SCL-20 was used alone or
combined with standards. Also, SCL exhibited better-combined effects
with KPN than CXB. Additionally, the in silico study revealed excellent
binding affinity with both COX receptors and the pharmacokinetic ac-
tivity of SCL. We assume that SCL has a dynamic role in anti-
inflammatory activity and may be therapeutically effective. However,
more work that could involve human subjects is required to establish the
safety and efficacy profile of this compound before it hits the market as a
prescribed drug.
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