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ABSTRACT

Introduction: Garlic (Allium sativum) is widely used as a flavor-enhancing dietary ingredient
and exhibits a wide spectrum of pharmacological effects. This study aimed to investigate the
therapeutic effects of aqueous garlic extract to explore the bioactivity against 15-lipoxygenase
(15-LOX) mediated inflammopathies.

Methods: In this study, the antioxidant (DPPH free radical scavenging assay and reducing
power assay), anti-inflammatory (hypotonicity-induced hemolysis assay and 15-LOX
inhibition assay) and anticoagulation (serine protease inhibition assay and prothrombin time
assay) effects of the aqueous garlic extract were investigated. Furthermore, in silico molecular
docking and dynamic simulation analysis of reported small compounds of garlic against 15-
LOX1 and 15-LOX2 were performed to figure out the most efficient phytochemical ligands
and validate the anti-inflammatory potential.

Results: The DPPH scavenging effect and the reducing power of the extract were found
with the IC, of 213.87+1.49 ugmL™" and EC50 of 124.78+3.39 ugmL", respectively. In the
hypotonicity-induced hemolysis and 15-LOX inhibition assay, the IC50 values were observed
as 147.59+2.98 ugmL" and 250.05+8.48 pugmL”, respectively. The extract inhibited serine
protease activity with an IC50 of 301.33+1.31 pgmL™" and prevented blood coagulation for
10.05+0.35 minutes in prothrombin time assay. The in silico study identified Rhamnetin as
a potential 15-LOX1 and 15-LOX2 inhibitor, and it exhibited a stable interaction with the
targets throughout the 100 ns dynamic simulation.

Conclusion: The findings of this study provide molecular insights into garlic’s medicinal
properties as well as its bioactive compounds, which can be potential therapeutic interventions
for 15-LOX mediated inflammations.

Implication for health policy/practice/research/medical education:
The findings of this study suggest that bioactive compounds of garlic extract have potent therapeutic features as anti-inflammatory
agents that can help to explore and investigate new potentially active therapeutics from garlic against lipoxygenase mediated

chronic inflammatory illness.

Please cite this paper as: Khan AM, Sharif MA, Salekeen R, Rahman MH, Mahmud S, Biswas P, et al. In vitro and in silico
investigation of garlic’s (Allium sativum) bioactivity against 15-lipoxygenase mediated inflammopathies. ] Herbmed Pharmacol.
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Introduction

their ability to alter important cellular components.

Reactive oxygen species (ROS) are formed as byproducts
of metabolic processes inside the cells and contribute
to maintaining cellular redox homeostasis (1). Despite
ROS being necessary for microbial resistance and cell
signaling pathways, these free radicals are also commonly
regarded as potentially toxic reactive agents owing to
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These highly reactive and unstable radicals are ready to
oxidize proteins, nucleic acids, carbohydrates, lipids, and
other biological macromolecules, initiating a chain of
events that subsequently leads to cell death and severe
tissue damage (2). Excessive ROS synthesis disrupts
cellular homeostasis and triggers oxidative stress, which
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contributes to lipid peroxidation in biomembranes
and induces severe inflammatory pathways, thereby
accelerating the progression of several pathophysiological
illnesses (3). Furthermore, elevated ROS level activates
oxidative enzymes like lipoxygenases (LOXs) that catalyze
the oxidation of free polyunsaturated fatty acids (PUFAs)
to synthesize hydroperoxides, which are implicated in the
molecular pathogenesis of many chronic inflammatory
diseases (4). 15-LOX modulates the oxidative alternation
of low-density lipoproteins (LDLs) and generates pro-
inflammatory leukotrienes that subsequently trigger the
emergence of atherosclerotic lesions (5). Antioxidants can
retard ROS-mediated oxidative damage by neutralizing
the free radicals and preventing lipid peroxidation, thereby
arresting the onset of a wide spectrum of chronic diseases.

Plant-derived —metabolic  constituents such as
polyphenolics, carotenoids, and vitamins are natural
antioxidants that manifest prominent therapeutic
effects, including antimicrobial, anti-inflammatory,
anticancer, and antitumor activities (6). Garlic (Allium
sativum) is commonly known as an aromatic spice,
which is extensively used as a food additive due to its
distinct flavor and potential therapeutic benefits. It
has traditionally been utilized both for culinary and
medicinal purposes in many cultures (7). It is now
regarded as one of the most efficacious disease-preventive
dietary ingredients that exhibits a wide spectrum of
pharmacological effects; for instance, antiatherosclerosis,
hypolipidemic, hypoglycemic, anticoagulation, anticancer,
chemopreventive, antimicrobial, and hepatoprotective
activities (8-10). Garlic is reported to be rich in natural
bioactive compounds that act as antioxidants, lower ROS
levels in the body, and prevent the oxidation of LDL
(11). Furthermore, garlic extract has been advocated
to have potent prophylactic effects against oxidative
stress, endothelial dysfunction, thrombosis, high blood
cholesterol levels, and the progression of chronic heart
diseases (12). The health-promoting effects of garlic are
substantially attributed to its predominant organo-sulfur
compounds; for instance, alliin, allicin, S-allyl cysteine,
diallyl sulfide, diallyl disulfide, allyl mercaptan, along
with other phytochemical constituents (e.g., phenolics,
flavonoids, tannins, terpenoids, saponins, anthocyanins,
vitamins, fatty acids, and so on (13-17). Considering
garlic’s therapeutic features, this study aimed to determine
the antioxidant, anti-inflammatory, and anticoagulant
properties of aqueous garlic extract to explore the
bioactivity against 15-LOX mediated inflammopathies
and evaluate its effectiveness when used in traditional
culinary purposes.

Materials and Methods

Sample collection and extract preparation

Fresh garlic bulbs were purchased from Gollamari
Bazar, Khulna, on November 21, 2021. The sample was
then taxonomically identified and a voucher specimen

(Accession Number: AA-KU-2021019) was submitted
to the herbarium of the Forestry and Wood Technology
Discipline, Khulna University, Khulna-9208, Bangladesh.
The bulbs were cleaned thoroughly, isolated from
unwanted impurities, and chopped into fine small flakes.
The small flakes were allowed to dry in the shade and open
air for a few days. After drying, the flakes were pulverized
into a fine powder with a grinder. The powder was then
weighed and kept in sealed plastic bags for further use.
The powdered garlic bulbs were then placed in a clean,
flat-bottomed glass jar and extracted with water (1:5 w/v)
for seven days at ambient temperature, with periodic
stirring and shaking. The mixture was filtered through a
fresh white cloth along with Whatman filter paper no. 41
to remove coarse plant materials and the filtrate was air-
dried at room temperature to yield water extract, which
was used for further in vitro experiments.

Blood collection

From fifteen healthy participants who were not taking any
antiplatelet medications, 5 mL of blood sample was drawn
from each donor following the blood collection procedure
of the Bangladesh Medical Research Council. The blood
samples were then immediately transferred to EDTA
tubes to inhibit coagulation. Before collecting the blood
sample, an earlier informed written consent, ethical code:
KUAEC-2017/08/14 of the Khulna University Research
Cell, was taken from all the participants.

Determination of antioxidant activity

DPPH free radical scavenging activity assay

The effectiveness of the garlic extracts in preventing
oxidation was evaluated by 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging assay (18). The garlic extract and
standard solution of Ascorbic acid were serially diluted
to make aliquots of seven different concentrations (400
to 6.25 ug/mL ). One milliliter of each concentration was
mixed with an equal volume of freshly prepared 0.004%
(w/v) DPPH methanolic solution and the absorbance
of each tube was measured at 517 nm after incubating
at room temperature for 30 minutes in the dark. The
percentage of inhibition was estimated as equation (1):

(Absorbance of blank — Absorbance of sample)
Absorbance of blank

%Inhibition = x100

Reducing power assay

The reducing power assay of the extract was carried
out according to (19). The garlic extract and standard
solution of Ascorbic acid were serially diluted to make
aliquots of seven different concentrations (400 to 6.25
pug/mL ). one ml of each concentration was added to
2.5 mL of phosphate buffer (0.2 M, pH=6.6) and 1%
potassium ferricyanide [K,Fe(CN),] and allowed to stand
for 20 minutes. Following that, the reaction mixture was
mixed with 2.5 mL of 10% trichloroacetic acid (TCA) and
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centrifuged for 10 minutes at 3000 rpm. The blank was
prepared similarly to the sample, except that no extract
or standard was added. The reaction mixture’s higher
absorbance revealed an elevated reducing power.

The percent increase in reducing power was determined
as equation (2):

o4Reduction = (Absorbance of blank — Absorbance of sample) 100

Absorbance of blank

Quantitative determination of antioxidant molecule

Total phenolic content

The total phenolic content (TPC) of aqueous garlic extract
was determined by Folin-Ciocalteu (FC) colorimetric
assay (20), wherein, 1 mL of sample (100 pg/mL) or
standard gallic acid solution (6.25 to 200 pg/mL) was
added to 9 mL of distilled water, followed by 1 mL of FC
reagent (diluted 10 times). After 5 minutes, 10 mL of 7%
Na,CO, and distilled water were added to make a total
volume of 25 mL and left to incubate for 60 minutes in
the dark. Following the incubation, the absorbance was
measured at 750 nm. The TPC was measured from the
standard calibration curve as gallic acid equivalents
(GAE) in mg/g of extract.

Total flavonoid content

The total flavonoid content (TFC) of garlic extract
was measured as a previously described procedure of
aluminum chloride colorimetric assay (20). 5% NaNO,
(0.3 mL) was combined with 1 mL of garlic extract (100
pg/mL) followed by 5 mL distilled water and kept for 5
minutes. The reaction mixture was then mixed with 0.6
mL of 10% AICI, and 2 mL of NaOH (1 M) and incubated
at ambient temperature for 5 minutes. Following that,
the absorbance was measured at 510 nm. Different
concentrations of standard quercetin solution (400 to 25
pg/mL) were used to construct the standard calibration
curve. The TFC was measured from the quercetin
calibration curve as quercetin equivalents (QE) in mg/g
of extract.

Total tannin content

The total tannin content (TTC) was measured using the
procedure reported previously (20). One milliliter of
sample extract (100 pg/mL ) was combined with 0.5 mL
of FC reagent and 7.5 mL of distilled water and kept for
5 minutes in the dark. Afterward, 1 mL of 35% Na,CO,
solution was mixed with the solution and the total volume
was made to 10 mL with distilled water. The entire
solution was further left to stand at ambient temperature
for 30 minutes. Following the incubation, the absorbance
was taken at 725 nm. Different concentrations of standard
gallic acid solution (200 to 3.125 pg/mL ) were used to
construct the standard calibration curve. The TTC was
measured from the calibration curve as GAE in mg/g of
extract.

Anti-inflammatory activity of A. sativum

Determination of anti-inflammatory activity
Hypotonicity-induced hemolysis assay
Hypotonicity-induced hemolysis assay was conducted
to determine the ex-vivo anti-inflammatory activity of
garlic extract according to (21) with some adjustments.
The hypotonic solution was used to investigate the lysis
of human RBC in this assay. The collected blood samples
were centrifuged for 5 minutes at 3000 rpm, and the
supernatant was discarded carefully. The precipitated
RBC part was centrifuged three times at 2500 rpm for 5
mins with sterile washing buffer (0.9% NaCl). Following
that, an RBC suspension with a concentration of 10%
(v/v) was prepared with 10 mM phosphate buffer solution.
The isotonic solution was prepared by dissolving 154 mM
sodium chloride in 10 mM phosphate buffer solution
and the pH was adjusted to 7.4. The sample and standard
(Aspirin) were serially diluted to phosphate buffer solution
to make aliquots of five different concentrations (400 to
25 pg/mL ). After that, 600 pL of sample or standard and
600 pL of RBC suspension were mixed with 600 pL of
isotonic solution in a 2 mL Eppendorf tube. Likewise, the
hypotonic solution was mixed with RBC suspension and
sample or standard solution. The mixture contained only
RBC and the hypotonic solution was considered as control.
The entire combination was then kept for 10 minutes
at 37°C. Following incubation, the reaction mixture was
centrifuged for 15 minutes at 5000 rpm, and the optical
density (OD) of the supernatant was determined at 540
nm. The percent inhibition of hemolysis was determined
as equation (3):

(OD2-0D1)
(OD3-0DI)

% Inhibition of hemolysis =1— x100

Where OD1 indicates sample in isotonic solution, OD2
indicates sample in the hypotonic solution, and OD3
indicates control sample in the hypotonic solution.

15-Lipoxygenase (15-LOX) inhibition assay

The sample extract was evaluated for LOX inhibition
activity using lyophilized soybean 15-LOX according to
Wangensteen’s procedure (22) with a few adjustments. 975
uL 15-LOX solution (3000 U/mL; reconstituted with 0.2M
borate buffer; pH 9.0) was mixed to 25 pL of different
concentrations (50 to 400 pg/mL) of sample extract,
standard (Quercetin), or blank (0.1 M PBS solution). An
extra double blank (25 uL 0.1 M PBS solution + 975 pL
borate buffer) was made without enzyme as a control.
Then, each tube was combined with 517.5 uM linoleic
acid substrate solution (reconstituted with 0.2 M borate
buffer with pH 9.0) to initiate the enzymatic reaction. The
absorbance of the reaction mixture was determined at one-
minute intervals for five minutes. For each concentration,
the absorbance vs. time plot was prepared (AAbsorbance/
ATime) and the slope for enzyme inhibition was calculated
as equation (4):

http://www.herbmedpharmacol.com

Journal of Herbmed Pharmacology, Volume 12, Number 2, April 2023 285


http://www.herbmedpharmacol.com

Khan et al

AAbsorbance AAbsorbance
Slope(—fqipe )Blank — Slope (g7 o= Jsample
AAbsorbance
~—ATime JBlank

%Inhibition =

Slope(

Determination of anticoagulant activity

Serine protease inhibition assay

Serine protease inhibition assay was conducted based
on a previously described procedure (23). The sample
and standard (Quercetin) were serially diluted to make
aliquots of five different concentrations (400 to 25 pg/
mL ). From each concentration, 250 pL of sample and
standard was transferred into a 2 mL Eppendorf tube.
After that, 250 uL of 0.05% Trypsin solution (preheated
for 15 minutes at 37°C) and 500 pL of 1% casein (prepared
in 0.1 M phosphate buffer) were added to each reaction
tube. Afterward, the entire solution was left to keep for
30 minutes at 37°C. Then, 3 mL of 5% TCA solution was
mixed to arrest the reaction and centrifuged at 12,000 rpm
for 15 minutes. The absorbance of the supernatant was
measured at 280 nm and the percent inhibition of serine
protease was calculated as equation (5):

o4 Inhibition = (Absorbance of sample — Absorbance of blank) <100
Absorbance of sample

Prothrombin time (PTT) assay

The PTT assay was performed following the procedure
reported previously by (24). From the collected blood
samples, the plasma was carefully separated from each
blood sample after centrifuging for 15 minutes (3000
rpm). The plasma was then stored at 4°C until it was
used. 200 pL of plasma was mixed with 100 pL of various
concentrations (800 to 50 ug/mL) of standard (Warfarin)
and garlic extract, followed by a gentle vortex for
appropriate mixing. Afterward, 300 pL of CaCl, (25 mM)
was mixed into each reaction tube and the entire mixture
was allowed to keep in the water bath at 37°C. The time
required for the sample and standard to coagulate was
estimated over a 5-second interval.

Statistical analysis

All in vitro biochemical assays were conducted in triplicate
for each concentration and negative control under the
same environmental parameter. In all experiments, the
percent inhibition of each concentration was statistically
compared to the negative control to evaluate the level of
significance using the one-tailed  test with corresponding
P values: 0.12 (ns), 0.033 (*), 0.002 (**), and 0.001 (***).
The linear relationship for each dependent variable was
further analyzed using the Pearson correlation test, where
the R? value close to 1 indicates a strong relationship.
GraphPad Prism 9.3.1 software was used for all statistical
analyses.

In silico study
Target protein retrieval and preparation
15-LOX2 crystal structure (PDBid:4NRE) was retrieved

from protein data bank repositories. On the other hand,
the 15-LOX1 structure was generated using the ‘HHpred
server’ from its FASTA sequence (Accession No: P16050.3)
(25). The constructed structure was then validated
through the Ramachandran plot using Procheck (26).

Phytochemical library preparation and molecular docking
study

A phytochemical library of previously reported 89
compounds from garlic was prepared through an extensive
literature review wherein the compounds were identified
through several mass spectrometric analyses. Afterward,
UCSF Chimera was employed for molecular optimization
of selected ligands and target proteins (15-LOX1 and 15-
LOX2) (27). PyRx (version 0.8) was then used to assess
the binding energy of these compounds with 15-LOX2
(PDB ID: 4NRE) and 15-LOX1 (28). The renowned anti-
inflammatory drug, Ibuprofen (PubChem CID-3672),
was taken as the control drug for the in silico study (29).
Following the molecular docking study, hydrogen bonds
and hydrophobic interactions of protein-ligand (P-L)
complexes were investigated through LigPlot+ software
(version 2.2.4) (30).

Physicochemical and drug-likeness properties analysis
Following the docking analysis, the top scoring ligands
were investigated for physicochemical properties and
Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) using pkCSM and the Swiss-ADME
server (30,31). After analyzing drug-likeness properties,
the top three potential lead molecules for each target were
selected for the molecular dynamic simulation (MDS)
study.

Molecular dynamic simulation study

MDS was performed for 100 nanoseconds (ns) to evaluate
the stability of the P-L complexes using the Linux-based
“Desmond v3.6 Program”. The stability and effective
binding of P-L complexes were evaluated by the analysis
of P-L contacts, root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyration (Rg),
and intramolecular hydrogen bonds (32).

Results

Determination of antioxidant activity

DPPH free radical scavenging assay

The inhibitory activity of DPPH free radical scavenging
enhanced linearly with increasing concentration (Figure
1A). The percent inhibition of DPPH scavenging at
400 pgmL? concentration of the aqueous extract was
determined to be 65.51%, compared to the reference
standard ascorbic acid (72.57%). The aqueous extract
demonstrated significant (P<0.001) antioxidant potential
with the half maximal inhibitory concentration (IC,) of
213.87+1.49 pgmL", whereas the standard ascorbic acid
possessed the IC_ of 130.53+2.62 ugmL" (Figure 1B).
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Reducing power assay

The aqueous extract and the standard ascorbic acid
demonstrated a higher reducing power, which elevated
in a concentration-dependent linear pattern (Figure 1C).
The aqueous extract exhibited a significant (P<0.001)
reducing potential with a comparatively lower half
maximal effective concentration (EC,)) of 124.81+3.39
ugmL* in comparison to reference standard ascorbic acid
(EC,, = 33.83+2.68 pugmL") (Figure 1D).

Quantitative determination of antioxidant molecule

Total phenolics, flavonoid and tannin content

The TPC and TTC of the extract were quantified as mg
GAE/g of extract, whereas TFC was quantified as mg QE/g
of extract. The extract exhibited a substantial amount
of phenolic acid (306.77+1.53 mg GAE/g dry extract),
flavonoid (252.22 +1.09 mg QE/g dry extract) and tannin
(87.50+0.99 mg GAE/g dry extract) content.

Determination of anti-inflammatory activity
Hypotonicity-induced hemolysis assay

The aqueous extract of garlic could significantly (P <0.001)
protect the RBC membrane from hypotonicity-induced
hemolysis in a concentration-dependent linear pattern
(Figure 2A). The percent inhibition of hemolysis at 400
pugmL™ concentration of the aqueous extract was 71.70%,
compared to standard aspirin (92.23%). The extract
demonstrated substantial inhibitory activity with an IC_
of 147.59 +£2.98 ugmL"', whereas aspirin possessed an IC,|
of 59.08+3.02 ugmL" (Figure 2B).

15-LOX inhibition assay
The 15-LOX inhibition activity of the aqueous extract

Anti-inflammatory activity of A. sativum

revealed a dose-dependent inhibition of the linoleic acid
peroxidation by soybean 15-LOX, which is used as a model
for mammalian LOXs (Figure 2C). The highest percent
inhibition at 400 pugmL™’ concentration of the aqueous
extract was 72.46%, compared to standard Quercetin
(96.76%). The aqueous extract demonstrated substantial
inhibitory activity with an IC, of 250.05+8.48 ugmL",
whereas Quercetin possessed an IC,  of 19.62+6.52
ugmL* (Figure 2D).

Determination of anticoagulant activity

Serine protease inhibition assay

The aqueous extract inhibited the proteolytic degradation
of casein, which was catalyzed by the serine protease
(trypsin) in a concentration-dependent pattern (Figure
3A). The highest percent inhibition at 400 pgmL™
concentration of the aqueous extract was 57.22%, compared
to standard Quercetin (70.77%). The extract manifested
significant (P<0.001) protease inhibitory activity with an
IC,, of 301.33+1.31 ugmL", whereas Quercetin possessed
an IC, of 218.29+6.58 ugmL™" (Figure 3B).

PTT assay

The aqueous garlic extract exhibited strong inhibition
of plasma clot formation in a concentration-dependent
pattern. The aqueous extract at 800 pugmL’ required
10.05+0.35 minutes to coagulate the plasma, whereas the
standard drug (warfarin) at 800 ugmL ' needed 23.78 + 0.44
minutes to complete the coagulation (Figure 3C).

Correlations among antioxidant, anti-inflammatory, and
anticoagulation activities
Linear correlation was found among antioxidant, anti-
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inflammatory, and anticoagulation activity of aqueous
garlic extract. The R? values for DPPH free radical
scavenging, reducing power, hypotonicity-induced
hemolysis, and serine protease inhibition assay ranged
between 0.80 and 0.95, although the PTT assay did not
correlate strongly with any of the other assays (Figure 4).

In silico study
Structure validation of 15-LOX1
15-LOX1 structure was constructed through HHpred

and validated through Procheck server (Figure 5). The
Ramachandran plot of excellent quality structure assures
that more than 90% of the residues are in the favorable
zone (33). The plot statistics of the contracted 3d structure
showed 93.7% (534) residues in most favored position (A,
B, L) and the rest of the residues (36) were in additional
allowed regions (a, b, 1, p).

ADMET profiling and visualization
Following the comprehensive docking, 12 phytochemicals
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Figure 4. Correlations among antioxidant activities: DPPH and reducing power assay; anti-inflammatory activities: hemolysis and 15-lipoxygenase (15-LOX)
inhibition assay; anticoagulation activities: serine protease inhibition and prothrombin time (PTT) assay of the garlic extract by Pearson square test, where

R? indicates the correlation coefficient.

Pi (degrecs)

-1359°

=90+

Sig0 <135 o s [ 45 90 135 180
Phi (degrees)

s Core (most favored) -93.7%
——— Additional allowed regions -6.3%
————= Generously allowed regions -0%

——— Disallowed regions -0%

Figure 5. The constructed 15-lipoxygenase -1 (15-LOX1) structure: (A) three-dimensional structure of 15-LOX1 and (B) Ramachandran plot of the protein

(15-LOX1).

were selected for each protein based on the docking score
compared to Ibuprofen (Figure 6) for further analysis.
The top 12 ligands were analyzed for physicochemical and
drug-likeness properties. Depending on docking score
and ADMET profiling, top 3 compounds were screened
for each target protein (Table 1) to analyze the binding
stability through MDS. P-coumaric acid (CID: 637542),
caffeic acid (CID: 689043), and rhamnetin (CID: 5281691)
had greater interaction with 15-LOX1 (Figure 7), whereas
cytidine (CID: 6175), cyanidin-3-(6’-malonyl)-glucoside)

(CID: 443915), rhamnetin (CID: 5281691) demonstrated
substantial binding affinity with 15-LOX2 (Figure 8). The
P-L complex structures were evaluated with LigPlot+
by analyzing the respective hydrogen and hydrophobic
interactions (Table 2). Figure 9 shows the 2D interaction
of the P-L complex with respected hydrogen bonds.
The control drug Ibuprofen formed stable interactions
with 15-LOX1 and 15-LOX2 through 2 and 3 hydrogen
bonds, respectively. On the other hand, P-coumaric acid,
caffeic acid, and rhamnetin interacted with 15-LOX1 by
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Figure 6. Docking score of the selected phytochemicals along with control (Ibuprofen) and the substrates of 15-lipoxygenase-1 (15-LOX1) and 15-lipoxygenase-2

(15-LOX2).

4 hydrogen bonds each, while cytidine, cyanidin-3-(6’-
malonyl)-glucoside), rhamnetin interacted through 6, 5, 3
hydrogen bonds with 15-LOX2, respectively.

MDS analysis

RMSD analysis

The RMSD determines the average structural distance of
the atoms of the target protein from its reference position
over a certain period. The acceptable range of deviation of
the target protein is considered to be 1-3 A or 0.1-0.3 nm
between the frames; however, the deviation beyond this
range indicates an extensive structural shift in the protein.

Figure 7. Interaction analysis (3D) of 15-lipoxygenase-1 (15-LOX1) with
control Ibuprofen (A), P-coumaric acid (B), Caffeic acid (C), and Rhamnetin
(D).

The RMSD was evaluated by considering the structures
of four ligands: control Ibuprofen (blue), P-coumaric
acid (red), caffeic acid (green), and rhamnetin (violet)
with the enzyme 15-LOX1 (Figure 10a). Apart from
P-coumaric acid, which displayed a slight fluctuation,
all other substances had RMSD between 1.1 A and 3.04
A. Similarly, the RMSD of the substances: Ibuprofen
(blue), cytidine (red), cyanidin-3-(6’-malonyl)-glucoside)
(green), and rhamnetin (violet) with the protein 15-LOX2
has been depicted in Figure 11a, where cytidine, cyanidin-
3-(6’-malonyl)-glucoside) have shown stable interaction
and the RMSD ranged between 1.16 to 2.65 A. However,

Figure 8. Interaction analysis (3D) of 15-lipoxygenase-2 (15-LOX2) with
control Ibuprofen (A), Cytidine (B), Cyanidin-3-(6’-malonyl)-glucoside) (C),
and Rhamnetin (D).
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Table 1. Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) profiling of selected bioactive compounds of garlic

Phytochemicals PubChemCID MW (g/mol) #HA NRB HBA HBD TPSA (A} iLogP BBB IA (% Absorbed) TC (log mL/min/kg) LD50 (mol/kg) HT AT NV
Cytidine 6175 243.22 17 2 6 4 130.83 0.32 No 58.476 0.503 1.973 No No 0
Cyanidin-3-(6’-malonyl)-glucoside) 443915 535.43 38 8 14 8 236.81 2.88 No 18.811 0.66 2.501 No No 3
Coniferyl alcohol 1549095 180.20 13 3 3 2 49.69 2.16 Yes 91.734 0.233 2.029 No No 0
Caffeic acid 689043 180.16 13 2 4 3 77.76 0.97 No 69.407 0.508 2.383 No No 0
Moupinamide 5280537 313.35 23 7 4 3 78.79 2.58 No 90.23 0.27 1.873 Yes No 0
Rhamnetin 5281691 316.26 23 2 7 4 120.36 2.23 No 80.214 0.473 2.453 No No 0
Gamma-glutamylcysteine 123938 250.27 16 8 6 4 168.52 0.10 No 1.101 0.321 2.461 No No 0
4-Aminospiroperidol 195080 410.48 30 6 4 2 78.67 2.82 No 94.274 1.043 2.534 No No 0
Caffeic acid 689043 180.16 13 2 4 3 77.76 0.97 No 69.407 0.508 2.383 No No 0
Ferulic acid 445858 194.18 14 3 4 2 66.76 1.62 Yes 93.685 0.623 2.282 No No 0
Sinapic acid 637775 224.21 16 4 5 2 75.99 1.63 No 93.064 0.718 2.24 No No 0
Gamma-Glu-Met 7009567 278.33 18 10 6 4 155.02 0.42 No 8.471 0.284 2.434 Yes No 0
p-Coumaric acid 637542 164.16 12 2 3 2 57.53 0.95 Yes 93.494 0.662 2.155 No No 0

MW, molecular weight (g/mol); #HA= No. of heavy atoms; NRB = No. of rotatable bonds; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; TPSA, topological polar surface area; iLogP =The n-octanol/water partition coefficient; BBB,
blood-brain barrier; IA, intestinal absorption; TC, total clearance (log mL/min/kg); LD50, oral rat acute toxicity; HT, hepatotoxicity; AT, AMES toxicity; NV= No. of Lipinski’s rule violations.

Table 2. Analysis of the binding affinities of top candidate ligands with 15-lipoxygenase -1 (15-LOX1) and 15-lipoxygenase-2 (15-LOX2) compared to the control ligand

Target Docking score .. .

- Pubchem CID (k/mol) Hydrogen bond (A) Hydrophobic interaction
Ibuprofen (CID:3672) -6.2 MET645(3.25), ASP644(2.87) ALA255, GLU233, LYS309, LEU226, TYR299, LEU643
P-coumaric acid (CID:637542) -6.2 ALA225(2.85), ASP644(2.80), MET645(2.96), TYR229(3.12) GLY308, LYS309, LEU643

15-LOX1
Caffeic acid (CID:689043) -6.2 TYR229(3.15), MET645(2.97), ASP644(2.81), ALA225(2.77) LEU643, LEU226, GLY308, LYS309
Rhamnetin (CID:5281691) -8.0 GLN357(2.81), ASP445(3.26), SER438(3.20,2.70) VAL238, VAL239, ARG241, ASP276, PHE434, THR436, ASP448, SER439
Ibuprofen (CID:3672) -7.1 TYR408(3.15), LEU172(3.00), LYS175(2.88) SER177, ALA13, ARG407, GLY11, GLU12, ARG90, PHE88, TRP109, ASN173
Cytidine (CID:6175) -7.1 TRP109(3.16), ARG407(3.02), LEU172(2.70), LYS175(2.97,2.69), TYR408(3.18)  PHE88, TYR176, SER177, ASN173, GLN108, TYR107

15-LOX2 Cyanidin-3-(6’-malonyl)-glucoside) ) MET148, TYR149, ASN173, GLN108, LEU118, GLU141, GLU140, ALA144, LEU116,
(CID:443915) 8.5 TRP109(3.18), GLU111(3.20), VAL117(3.19), HIS394(3.16), ARG145(3.18) LEU110, GLY114, THR115
Rhamnetin (CID:5281691) 97 CY$106(3.06), TYR107(2.75), TYRA08(2.74) HIS627, LEU389, GLN108, ARG145, HIS394, ILE403, ILE174, ARG407, THR406,

ASN173, THR385
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Figure 9. 2D interaction analysis of the ligands and 15-lipoxygenase s (15-LOX1 and 15-LOX2) where (A-D) depicts the interaction of control Ibuprofen (A),
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malonyl)-glucoside) (G) and Rhamnetin (H) with 15-LOX2.

rhamnetin showed higher fluctuation up to 3.48 A with an
average value of 1.97 A.

RMSF analysis

The RMSF measures how far a protein’s amino acid
residue has drifted from its initial point over time. It is
crucial for protein characterization since it may be used
to specify the elasticity and fluctuation of the residues
during the simulation. The RMSF of the compounds
ibuprofen (blue), P-coumaric acid (red), caffeic acid
(green), and rhamnetin (violet) with the enzyme 15-
LOX1 is depicted in Figure 10b, where the RMSF value of
protein residues ranged from 0.42 to 5.3 A. Furthermore,
Figure 11b depicts RMSF of 15-LOX2 complexed with
ibuprofen (blue), cytidine (red), cyanidin-3-(6’-malonyl)-
glucoside) (green), and rhamnetin (violet), where the
residual fluctuation was found between 0.42 and 5.9 A. In
comparison to 15-LOX1, 15-LOX2 demonstrated greater
stability.

Rg analysis
The Rg of an interacting complex can be defined as

the arrangement of its atoms around its axis. Since Rg
displays the protein compactness during simulation time,
determining the Rg is one of the most important criteria
for evaluating a macromolecule’s structural functioning.

As shown in Figure 10c, the stability of P-coumaric
acid, caffeic acid, and rhamnetin, as well as the control
ibuprofen, interacted with the targeted protein. 15-LOX1
was investigated in terms of Rg during a 100 ns simulation
period, where typical Rg values were in the range of 3.1-
4.02 A. Except for rhamnetin, all P-L complexes had better
compactness with Rg up to 3.4 A. Similarly, in Figure
11c, the Rg of the compounds cytidine, cyanidin-3-(6’-
malonyl)-glucoside), rhamnetin, and the control ibuprofen
with 15-LOX2 were calculated, where the values ranged
between 2.9 and 5.02 A. Rhamnetin showed the highest Rg
value with an average of 4.7A. Both P-L complexes showed
Rg in a considerable range, indicating the binding site has
not been faced substantial conformational changes.

Analysis of intramolecular bonds
Throughout 100 ns dynamicsimulation, theintramolecular
interactions through multiple water bridges and hydrogen,
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Figure 11. Molecular dynamic simulation (MDS) of 15-LOX2 complexed with control Ibuprofen (A), cytidine (B), cyanidin-3-(6’-malonyl)-glucoside) (C), and
rhamnetin (D) in respect to the root mean square deviation (RMSD), root mean square fluctuation (RMSF), and radius of gyration (Rg).

hydrophobic and ionic bonds of P-L complexes have been
inspected with the “Simulation Interaction Diagram
(SID)” (Figure 12).

Discussion

Elevated ROS level induces oxidative stress, resulting
in undesirable changes to cellular components and
accelerating several pathogenicities, including protein,
lipid, and DNA damage (33). Moreover, the abundance
of PUFAs in cell and organelle membranes makes them

prone to ROS-induced lipid peroxidation through various
enzymatic or non-enzymatic processes that ultimately
induce many pro-inflammatory responses. Arachidonic
and linoleic acids are the most prevalent PUFAs and
act as substrates for LOX enzymes, which catalyze the
stereoselective insertion of molecular oxygen to PUFAs
to produce hydroperoxyl groups at various carbon
positions (34). In different human cells, 5-LOX, 12-LOX,
and two forms of 15-LOX (15-LOX1 and 15-LOX2) can
effectively transform free arachidonate to 5-hydroperoxy
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Figure 12. The intramolecular interactions of the 15-lipoxygenases (15-LOX1 and 15-LOX2) with the respective ligands throughout the 100 ns simulation,
where (A-D) depicts the interaction of control Ibuprofen (A), P-coumaric acid (B), caffeic acid (C), and Rhamnetin (D) with 15-LOX1 and (E-H) depicts the
interaction of control Ibuprofen (E), cytidine (F), cyanidin-3-(6’-malonyl)-glucoside) (G), rhamnetin (H) with 15-LOX2.

eicosatetraenoic acid (5-HPETE), 12-hydroperoxy
eicosatetraenoic acid (12-HPETE), 15-hydroperoxy
eicosatetraenoic acid (15-HPETE), respectively. HPETEs
are further peroxidized to form hydroxyeicosatetraenoic
acids and leukotrienes that subsequently induce the
expression of pro-inflammatory cytokines, recruitadjacent
immune cells, and eventually amplify immunological
responses (35). 15-LOX has also been reported to regulate
the oxidative alteration of LDL and promote monocyte
adhesion to vascular endothelial cells, enhancing the
initiation of atherogenicity (36). Oxidative stress also
significantly contributes to endothelial damage in the
blood vessels, stimulating tissue factor (TF) exposure
to the circulatory system and activating the extrinsic
pathway-mediated coagulation cascade. Activated factor
VII (serine protease) circulates in the blood at a low level
and forms a complex with TF (TF-VIIa) that proteolytically
activates Factor X to Xa. Factor Xa proteolytically
modulates the conversion of prothrombin to thrombin,
and thrombin then transforms fibrinogen into fibrin.
These events activate the coagulation cascade and
increase the production of adhesion molecules, resulting
in increased fibrin deposition, impaired fibrinolysis, and
eventually accelerating thrombus formation that induces
ischemic stroke and cardiovascular complications. (37).
Natural antioxidants (secondary metabolites) play a
crucial role in neutralizing ROS or inhibiting different
oxidative enzymes linked to inflammatory pathways (38).
Inflammation related to oxidative stress is a prominent
risk factor in the pathophysiology of a wide variety of

cardiovascular diseases. Non-steroidal anti-inflammatory
drugs are frequently prescribed for various inflammatory
diseases having severe adverse effects that have prompted
the consideration of developing alternative therapeutic
interventions.  Therefore, antioxidant metabolites
synthesized from plants with anti-inflammatory and
anticoagulant effects are indeed effective candidates for
commercially available therapeutic medications (38).
The aqueous extract of garlic has been demonstrated to
have high free radical scavenging activity that inhibits the
oxidative alteration of LDLs (39,40) and possesses a potent
hepatoprotective effect against oxidative liver injury in rats
(41). Several in vitro and in vivo studies have suggested
that garlic’s water soluble phytocompounds possess potent
antioxidant activity, thereby effectively preventing lipid
peroxidation (42,43). In the current study, the aqueous
extract of garlic was investigated as a potential source of
bioactive compounds by employing different antioxidant,
anti-inflammatory, and anticoagulation assays. The
DPPH free radical scavenging and reducing power assays
are the most frequently used biochemical methods for
determining the sample’s antioxidant potential (44). In
these assays, garlic extract exhibited significant antioxidant
activities compared to reference standards, supporting
the previous studies revealing that the bioactive elements
of the aqueous extract are responsible for its substantial
antioxidant effect (45,46). Phenolics, flavonoids, tannins
and other polyphenolic metabolites have been extensively
researched as the principal free radical scavengers in a
wide variety of plant species. Proton loss and free radical
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neutralization are the key mechanisms through which
phenolic substances exhibit antioxidant effects (47).
Moreover, it has been reported that the polyphenolic
metabolites derived from plants also exhibit high anti-
inflammatory as well as anticoagulant properties (48).
In this study, the aqueous extract possessed a significant
concentration of phenols and flavonoids, indicating the
strong antioxidant activity of garlic. This finding supports
the evidence of the previous studies (12,49).

The anti-inflammatory effect of the aqueous extract was
assessed by employingtwo distinctstrategies (hypotonicity-
induce hemolysis assay, 15-LOX inhibition assay) in this
study. In the hypotonicity-induce hemolysis assay, human
RBCs were used as a source of plasma membranes since
they do not possess nuclei or internal membranes, making
them an ideal source for biochemical investigations
(50). Moreover, most anti-inflammatory drugs work
by stabilizing the lysosomal membrane to reduce the
secretion of proteolytic enzymes to the surrounding
tissues, hence inhibiting the onset of inflammatory
conditions (51). In this study, different concentrations of
the aqueous garlic extract were used to protect the lysis
of the RBC membrane, wherein the extract was found to
have a potent inhibitory effect in preventing hemolysis at
a comparatively lower concentration with respect to the
standard Aspirin. Based on the aforementioned features,
the aqueous extract was picked for further investigation
for the inhibition of the pro-inflammatory pathway. The
determination of anti-inflammatory activity through in
vitro soybean 15-LOX inhibition assay was significant
since this enzyme utilizes arachidonic acid or linolic acid
as its substrate and the active site is closely identical to that
of human LOX, which effectively modulates the synthesis
of pro-inflammatory mediators such as leukotrienes from
the lipid peroxidation cascade (52). Several studies have
been performed to explore the anti-inflammatory effects
of various garlic extracts; however, few researches have
been conducted to analyze the 15-LOX inhibitory activity
of garlic to identify its anti-inflammatory potential.
For this purpose, soybean 15-LOX inhibition assay was
conducted to evaluate the effectiveness of aqueous garlic
extract in preventing chronic inflammation by inhibiting
enzymatic peroxidation of PUFAs. The aqueous extract
demonstrated a considerable LOX inhibitory effect
compared to standard Quercetin. The anti-inflammatory
efficacy of the extracts was likewise consistent with that of
the antioxidant properties. The anticoagulation property
of garlic was evaluated by in vitro serine protease (Trypsin)
inhibition assay and PTT assay. Trypsin belongs to the
group of serine proteases that are critical for maintaining
pathophysiological processes in the body, including
extrinsic blood coagulation cascade, inflammation,
apoptosis, and so on (53,54). The intervention of such
diseases with natural protease inhibitorsis thusanattractive
target for pharmacological research (55). The aqueous
extract revealed substantial serine protease inhibition

Anti-inflammatory activity of A. sativum

activity with a minimal concentration with respect to the
standard Quercetin in this study. In the PTT assay, the
anticoagulation effect was assessed by determining the
coagulation times at aliquots of various concentrations
of the extracts. The aqueous extract exhibited a higher
clotting time in comparison to the standard warfarin.
It has been reported that organosulfur compounds and
phenolic contents of garlic extract are responsible for its
high anticoagulant effect (56). The one-tailed t-test was
performed to statistically analyze the negative control and
test sample data to assess the significance level of garlic
extract for each concentration of all in vitro assays. All P
values less than 0.033 substantiate significant differences
between the group means of the test samples and control,
indicating that this difference is not due to random data
sampling. A linear relationship was observed among
antioxidant, anticoagulation, and anti-inflammatory
activities of the test sample. The R squared values generated
from the correlation analysis close to +1 substantiate
that the relationship is strong. Previous studies evidently
suggested that polyphenols and polyphenol-rich extracts
simultaneously show antioxidative, anticoagulant, and
anti-inflammatory properties (57). Hence, the linearity in
correlation supports that the polyphenol molecules might
contribute to the antioxidant, anti-inflammatory, and
anticoagulation activities in the aqueous garlic extract.

Further, in silico molecular docking and MDS analysis of
reported small compounds of garlic against 15-LOX1 and
15-LOX2 were performed to figure out the most efficient
phytochemical ligands and validate the anti-inflammatory
potential. All top three selected compounds for each target
enzyme showed stronger interactions than the substrates:
arachidonic and linolic acid (Figure 6). Considering the
MDS analysis of 15-LOX1, all the tested compounds
except P-coumaric acid showed greater stability in all
three parameters. On the other hand, cytidine, cyanidin-
3-(6’-malonyl)-glucoside), and rhamnetin exhibited
consistent interaction with 15-LOX2 throughout the
100 ns simulation. Depending upon molecular docking
and dynamic simulation, rhamnetin was selected as a
potential compound that could efficiently block both 15-
LOXI1 and 15-LOX2. Several in vivo studies also support
the anti-inflammatory potential of this compound
(58). Rhamnetin was reported to down-regulate the
release of pro-inflammatory mediators such as tumor
necrosis factor (TNF-a) and macrophage inflammatory
proteins (MIPs) in a lipopolysaccharide-induced mouse
macrophage cell line (59). Hence, rhamnetin would
alleviate inflammation-related complications and act as
a major biopharmaceutical to prevent 15-LOX mediated
inflammatory diseases.

Conclusion

Garlic (A. sativum) is extensively used for its distinct
flavor and potential health benefits including
hypocholesterolemic, thrombolytic, and antioxidant
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properties. For that purpose, this study aimed to investigate
the different bioactive properties of the aqueous extract of
garlic. According to the findings of the biochemical assays,
the aqueous extract comprises a high concentration of
polyphenolic components that manifest significant
antioxidant potential along with strong anti-inflammatory
and anticoagulant effects. Further comprehensive analysis
of garlic to explore its pharmacological activity can
contribute to isolating potent pharma and nutraceuticals
responsible for the relevant bioactivities.
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