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Abstract

Cyclooxygenase-1 (COX-1), Cyclooxygenase-2 (COX-2)

Background: COX-2-specific inhibitors offer improved advantages over traditional NSAIDs. Plants are known to play
critical roles in the discovery and developments of new pharmaceuticals. To the best of our knowledge, nothing
has been reported so far on the selective inhibition of the cyclooxygenase by flavanones. The present study aims at
evaluating the selective inhibition of COX-1 and/or COX-2 by flavanones from Sorghum bicolor.

Results: Flavanones demonstrate selective inhibition of COX-2 through the formation of hydrogen bonds.
Eriodictyol forms two hydrogen bonds interactions (Tyr-371 and Ser-516) within the active site of COX-2, while it
forms only one hydrogen bond (Met-521) with COX-1. Sorghum bicolor flavanone extract (SBFE) demonstrate
hepatoprotective potentials by augmenting the antioxidant defense system of the liver and downregulate the
expression of COX-2 while ineffective against COX-1. Histopathological analyses show that SBFE is effective in the
prevention of HCl/ethanol-induced gastric injury in Wistar rats.

Conclusions: The side effects associated with current NSAIDs are as a result of selective inhibition of COX-1.
Flavanones are potential selective inhibitors of COX-2. Sorghum bicolor flavanone extract (SBFE) demonstrates its
anti-inflammatory potential through selective inhibition of COX-2. The virtual high throughput screening techniques
adopted herein could help eradicate the corresponding rigors of identifying lead bioactive(s) components of plants.
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Background
Inflammation is a biological reaction to disruption in the
normal physiological processes [1]. It is a localized pro-
tective reaction of the tissues of the body to allergic or
chemical irritation, injury, and/or infections. Inflamma-
tion is characterized by pain redness, swelling, and loss
of functions [2].

Acute inflammation leads to the release of leukocytes,
erythrocytes, and constituents of the plasma into the
surrounding tissues affected by the inflammatory insults.
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Chronic inflammation always results from acute inflam-
mation, when the latter remains uncorrected. Chronic
inflammation leads to the release of lymphocytes and
macrophages into the affected tissue, and it is closely as-
sociated with allergies, atherosclerosis, cancer, arthritis,
and Alzheimer’s disease, as well as autoimmune diseases
[3]. Non-steroidal anti-inflammatory drugs (NSAIDs)
bring about their therapeutic effects through the inhib-
ition of the cyclooxygenases (COX), the enzymes that
produce the prostaglandins (PGs) [4]. Cyclooxygenase-1
(COX-1) is constitutive; its PGs protect the stomach and
the kidney from damage, while cyclooxygenase-2 (COX-
2) is induced by inflammatory stimuli; its PGs contribute
to the pain and swelling associated with inflammation.
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The anti-inflammatory effects of NSAIDs are due to the
inhibition of COX-1 and COX-2. The unwanted side
effects (irritation of the stomach lining and toxicity on the
kidney) are as a result of the inhibition of COX-1 [4].

Chronic inflammation is often related to alcohol con-
sumption [5]. Alcohol mediates activation of pro-
inflammatory and anti-inflammatory genes in the liver
[5]. Administration of hydrochloric acid (HCI) and etha-
nol produces ulcerative lesions and increases lipid perox-
idation in the gastric mucosa, which plays a significant
part in the pathogenesis of the mucosal lesion [6].

Herbal and natural products are known for their bio-
logical and pharmacological activities [6]. Several drug
candidates have been identified from plants, due to their
reduced offensive factors, effectiveness in the treatment
of certain ailments, better patient tolerance, and rela-
tively affordable [7]. Medicinal plants have been reported
to possess anti-inflammatory properties [8].

Virtual screening is an in-silico high throughput tech-
nique of screening compounds against biological tar-
get(s) and evaluation of the scoring. This technique gives
a swift evaluation of vast libraries and prune down the
number of compounds in order to pinpoint the hit com-
pound(s) [9]. Molecular docking remains the most used
virtual screening technique [10] and has turn out to be
increasingly efficacious [11, 12].

In the present study, a total of 800 phytochemicals
characterized from 17 medicinal plants [13-23]; Allium
sativum, Aloe vera, Curcuma longa, Cymbopogon citra-
tus, Dracaena arborea, Hibiscus sabdariffa, Moringa
oleifera, Nicotiana tabacum, Ocimum gratissimum, Psi-
dium guajava, Telfairia occidentalis, Vernonia amygda-
lina, Ziginber officinale, Amaranthus spinosus, Phoenix
dactylefera, Plukenetia conophorum, and Sorghum bi-
color were screened against the catalytic sites of COX-1
and COX-2. Sorghum bicolor is used in traditional medi-
cine, for the primary care of anemia [24, 25] and in the
treatment of various infectious diseases.

Methods

Data collection and preparation

A library of 800 characterized phytochemicals from 17 re-
ported medicinal plants were created [13—23]. The phyto-
chemicals were obtained from literature and downloaded
in the Structure data format (Sdf format) from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov). Open
babel was used to convert phytochemicals from their sdf
formats to the protein data bank (pdb) formats. The
ligprep command line was used to convert phytochemicals
from the pdb formats to the protein data bank charged
format (pdqt formats). The structure of COX-2 in com-
plex with a benzopyran, (2R)-6,8-dichloro-7-(2-methyl-
propoxy)-2-(trifluoromethyl)-2H-chromene-3-carboxylic
acid (3NTG with a crystallographic resolution of 2.19 A°
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was adopted for virtual screening and docking because of
its high resolution and a few numbers of co-crystallized
compounds when compared with several other COX-2
protein in the PDB) [26] was downloaded from the protein
data bank (http://www.rcsb.org). PyMOL plugin in Auto-
dock/Vina was used to extract the receptor. The SWISS-
PdbViewer software was used to rebuild missing residues
and atoms of the human COX-2 [27]. The experimental
animals were randomized based on their body weight and
allocated into six groups of five rats each.

Structural modeling of human COX-1 and validation

The human amino acids fasta sequences of COX-1 with
accession number AAH29840.1 was obtained from the
PubMed repository; this was used to carry out the hom-
ology model of COX-1 using the Swiss model server
(swissmodel.expasy.org). The model was built on 20YE
[28] template with an identity of 92.8 and X-ray crystal-
lography resolution of 2.8 A and grid coordinates set as
obtained in the co-crystallized compound, x = 251.28, y
= 108.48, z = -39.57. The modeled protein structure
was validated using the Procheck server (http://servi-
cesn.mbi.ucla.edu/PROCHECK) [29]. The active site of
the modeled protein was predicted with CASTP
(sts.bioe.ulc.edu).

Molecular docking and virtual high throughput screening
Virtual high throughput screening (VHTS), a computa-
tional technique used to screen a pool of compounds
library against the target receptor, was used to screen phy-
tochemicals against the binding pocket of COX-2 [23].
The grid coordinates were set exactly like those of the
co-crystallized compound, x = 26.73, y = 21.49, z = 17.16.

Validation of docking results

The co-crystallized ligand was re-docked into the catalytic
site of COX-2 to validate the accuracy of the docking pro-
tocols [30, 31]. Root means square deviation (RMSD), a
measure of the deviation of the co-crystallized from its
initial geometry when re-docked, was used to access the
deviation. When the value of the RMSD is less than 2.0 A
for the re-docked pose and the co-crystallized pose, the
docking protocol is accurate and fit to be used for the
docking of other ligands to the receptor [32].

Identification and preparation of plant materials

The Sorghum bicolor grains were purchased from Osiele
market, Abeokuta, Ogun State, Nigeria. The plant was
taxonomically identified and authenticated at the
Department of Botany, Federal University of Agriculture,
Abeokuta, Ogun State, Nigeria. The Sorghum bicolor
grains were air-dried in the dark and grounded into
powder form prior to extraction and isolation.
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Knowledge-based extraction of flavanones from Sorghum
bicolor

The vHTS technique employed revealed eriodictyol, a
flavanone, as the lead. Hence, flavanones were extracted
from the grains of sorghum bicolor using the method de-
scribed by Bazzocchi et al. [33]. The finely grounded
powdery Sorghum bicolor grains (900 g) were extracted
with ethanol (5 L) in a soxhlet apparatus for a period of
24 h at around 80 °C. The solvent obtained from soxhlet
extraction was evaporated under reduced pressure in a
rotary evaporator at <50 °C. The crude extract obtained
was dissolved in 2.5 L of dichloromethane and allowed
to stand for 48 h. It was filtered; the filtrate was slowly
poured into a separating funnel (2 L) placed onto a
metallic stand. The filtrate was allowed to settle into im-
miscible phases, the organic phase (bottom layer), and
the aqueous phase (top layer). The top layer was gently
decanted off. The organic phase (bottom layer) was re-
covered and exposed in the dark for the volatile dichlo-
romethane to escape, leaving the flavanone extract. The
extract was weighed and recorded.

Calculations,

weight obtained

Yield = 100
/eie Total weight x 100%
249¢

Yield = 1
%Yield 900 ¢ x 100%
=2.77%

Experimental animal

A sample size of 30 male Wistar rats was determined by
using the G*Power 3 software for Mac OS [34], with the
power set at 0.80, alpha probability at 0.05, and the ef-
fect size at 0.25. The Wistar rats weighing between 150
and 250 g were purchased from the Institute for Ad-
vanced Medical Research and Training (IAMRAT), Col-
lege of Medicine, University of Ibadan, Nigeria. They
were acclimatized for 2 weeks before the onset of the ex-
periment. The animals were housed in a wooden cage
with good aeration. The animals were subjected to 12 h
of light and 12 h of darkness. The animals were given
standard diets and water ad libitum. The study was car-
ried out in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) for
experiments in animals. The experimental protocols
were also reviewed and approved by the Institutional
Animal Ethics Committee (IAEC).

Experimental protocol

The experimental animals were randomized based on
their body weight and allocated into six groups of five
rats each:
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i. Group A (basal control): animals received normal
chow and water ad libitum.

ii. Group B (negative control): Animals received 1 ml
distilled water p.o for 8 days, followed by a single
oral administration of 0.15 M HCl/60% ethanol
(ratio 1:1) [35] on the eight day and were sacrificed
5 h after.

ili. Group C (positive control): Animals received 50
mg/kg body weight Diclofenac p.o for 8 days,
followed by a single oral administration of 0.15 M
HCl/ 60% ethanol (ratio 1:1) on the eight day and
were sacrificed 5 h after.

iv. Group D (test group): animals received 50 mg/kg
body weight Sorghum bicolor extract p.o for 8 days,
a single oral administration of 0.15 M HCl/60%
ethanol (ratio 1:1) on the eight day, and were
sacrificed 5 h after.

v. Group E (test group): received 100 mg/kg body
weight Sorghum bicolor extract p.o for 8 days, a
single oral administration of 0.15 M HCl/60%
ethanol (ratio 1:1) on the eight day, and were
sacrificed 5 h after.

vi. Group F (test group): received 100 mg/kg body
weight Sorghum bicolor extracts p.o for 8 days and
were sacrificed 5 h after.

Note: animals’ chow and water were withdrawn 24 h
prior to sacrifice.

Sacrifice, blood collection, and organs excision

The experimental animals were sacrificed through cer-
vical dislocation. The blood samples were collected via
abdominal vein and centrifuged at 2500 rpm for 10 min.
The supernatants were collected into clean Eppendorf
tubes and stored for further biochemical assays. The
Livers and the stomachs were also harvested, cleansed of
superficial connective tissue in ice-cold normal saline,
and later blotted with tissue paper and weighed. The
tissues were homogenized for biochemical assays.

Preparation of tissue homogenates

The livers tissues were rinsed in cold sodium phos-
phate buffer (1:3, w/v), and subsequently homoge-
nized with phosphate buffer, pH 7.4. The homogenate
was centrifuged at 4000 rpm for 10 min, after which
the clear supernatants were used for the various
biochemical assays.

Biochemical assays

Determination of serum alanine aminotransferase
activity The alanine aminotransferase (ALT) activity was
determined according to the method described in Lab Kit,
Canovelles, Barcelona. One tablet of the substrate was dis-
solved in 15 ml of buffer, 30 pl of the sample was added to
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300 pl of the working reagent, and the absorbance was
taken every minute for 3 min at 340 nm [36].

Determination of serum aspartate aminotransferase
activity Aspartate aminotransferase (AST) activity was
determined according to the method described in Lab Kit,
Canovelles, Barcelona. One tablet of the substrate was dis-
solved in 15 ml of the buffer and 30 pl of the sample was
added to 300 pl of the working reagent and the absorb-
ance was taken every minute for 3 min at 340 nm [36].

Determination of liver superoxide dismutase activity
Superoxide dismutase activity was determined by the
method of Zou et al. [37]. The medium for the estima-
tion was prepared as shown in the table below and the
reaction was allowed to run for 60 s each time for 3 min
before the absorbance was read against the reagent blank
at 340 nm.

Test (ml) Blank (ml)
Buffer 0.10 0.15
Distilled water 083 0.83
Sample 005
Incubate at 25°C for 10 min.
Pyrogallol 0.02 0.02

Determination of lipid peroxidation Lipid peroxidation
was determined by measuring the formation of
thiobarbituric acid reactive substances (TBARS) according
to the method of Buege and Aust [38].

This method is based on the reaction between 2-
thiobarbituric acid (TBA) and malondialdehyde.

Determination of liver reduced glutathione level The
method of Beutler et al. [39] was followed in estimating
the level of reduced glutathione (GSH). Then, 0.2 ml of
sample was added to 1.8 ml of distilled water and 3 ml
of precipitating solution was mixed with sample. The
mixture was allowed to stand for approximately 5 min
and then filtered. At the end of the fifth minute, 1 ml of
filtrate was added to 4 ml of 0.1 M phosphate buffer.
Finally, 0.5 ml of Ellman’s reagent was added and the
optical density was measured at 412 nm. A blank was
prepared with 4 ml of the 0.1 M phosphate buffer, 1 ml
of diluted precipitating solution, and 0.5 ml of the
Ellman’s reagent.

Reverse transcription-polymerase chain reaction

The total RNA of the liver tissues was isolated using
TRIzol reagent (Gibco). The RNA was dissolved with the
RNA-free DNase (Roche, Switzerland) for a period of 15
min at a temperature of 37 °C. The RNeasy kit (Qiagen,
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Germany) was used to purify the RNA. The cDNA was
synthesized by incubating 40 pg of the total RNA at 37 °C
for a period of 1 h with the reverse transcriptase (GE
Healthcare, UK) and also with random hexanucleotides,
following the manufacturer’s instructions. The primers
were designed using Snap gene software and ordered from
Sigma-Aldrich, USA. The primers used to specifically
amplify the genes of interest were,

Target Forward 5"-3' Reverse 5-3'

gene

COX-2 CTCAGCCATGCAGCAAATCC  GGGTGGGCTTCAGCAGTA
AT

COX-1 TTGGAACTTCGAAGCCAT CTGACAAGAAACAA
GAACAAG

Cyclophilin - TGGAGAGCACCAAG TGCCGGAGTCGACAATGAT

ACAGACA

Cyclophilin is the internal control gene. The genes
were amplified for 50 cycles, 2 h and 20 min using the
thermocycler. The amplified PCR products were run on
1.0% agarose gels and visualized with the aid of ethidium
bromide (EtBr) staining [40].

Histopathology studies

The gastric mucosal tissues from the stomach of the
experimental animals, groups A-F, were fixed in 10%
buffered formalin (100 ml 37-40% formaldehyde, 4 g
sodium phosphate monobasic, and 65 g of sodium
phosphate dibasic in 900 ml of distilled water, pH 7.0) for
24 h [41]. The fixative was removed by washing with
running water overnight. After dehydration, the tissues
were cleaned in methyl-benzoate and embedded in paraf-
fin wax. The section was cut into 3—5 um thickness and
later stained with hematoxylin and eosin. The sections
were mounted and observed under light microscope.

Statistical analysis

The results obtained were expressed as the means +
standard error of mean (SEM). One-way analysis of vari-
ance (ANOVA) followed by Turkey’s multiple range tests
and one-tailed test statistics were used to analyze the re-
sults. Conformation to the assumptions of the ANOVA
test was ascertained. P < 0.05 were regarded as being sig-
nificant, using the IBM-SPSS version 21.0 and GraphPad
Prism version 7.0. The Image] software was used to quan-
tify the bands from gene expression profiling (Fig. 1).

Results

Modeled protein validation

The modeled structure of COX-1 was validated using
the Ramachadran plot (Fig. 2). From Fig. 2, there is a
total of 99.6% of an allowed region and no disallowed
region.
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Plot statistics
Residues in most favoured regions [A,B,L] 826 87.9%
Residues in additional allowed regions [a,b,],p] 110 11.7%
Residues in generously allowed regions [~a,~b,~1,~p] 4 0.4%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 940 100.0%
Number of end-residues (excl. Gly and Pro) 10
Number of glycine residues (shown as triangles) 86
Number of proline residues 78
Total number of residues 1114
Fig. 1 2D-structures of flavanones (eriodictyol, hesperetin, and naringenin) and NSAIDS

Molecular docking and virtual high throughput screening
The virtual high throughput screening revealed eriodictyol
(docking scores of — 8.4 kcal/mol with COX-2 and - 7.8
kecal/mol with COX-1) (Fig. 1, Table 1), a flavanone as the
lead compound (Table 1). In addition, the docking of
other flavanones (Hesperetin and Naringenin) against
COX-2 and COX-1 gave docking scores of - 8.5 kcal/
mol and -7.3 kcal/mol respectively with Hesperetin
and docking scores of -7.8 kcal/mol and - 6.7 kcal/
mol respectively with Naringenin. Table 1 also shows the
docking scores of standard selective inhibitors of both
COX-2 and COX-1 (Fig. 3).

Validation of docking results

The co-crystallized, a benzopyran, (2R)-6,8-dichloro-7-
(2-methylpropoxy)-2-(trifluoromethyl)-2H-chromene-3-
carboxylic acid was re-docked back into the catalytic
pocket of COX-2 (PDB ID: 3NTG). An RMSD value of
0.11 A was observed (Fig. 4).

Biochemical assays

Serum alanine aminotransferase

The level of alanine aminotransferase (ALT) was
significantly increased in the group of animals given
HCl-ethanol only when compared with the basal control
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(Fig. 5a). The level of ALT was significantly attenuated
in the groups that were pre-treated with Sorghum bicolor
flavanone extract (SBFE) (50 mg/kg and 100 mg/kg).
The level of ALT was also significantly reduced in the
group given only SBFE (100 mg/kg) when compared
with the basal control.

Serum aspartate aminotransferase

The level of aspartate aminotransferase (AST) was
significantly increased in the group induced with HCl/
ethanol only. There was no significant decrease in the
level of serum AST in the group pre-treated with the
diclofenac and later induced with HCl/ethanol when
compared with the group induced with only HCl/etha-
nol (no pre-treatment) (Fig. 5b). However, there was a
significant decrease in the level of serum AST in the
groups pre-treated with 50 mg/kg and 100 mg/kg SBFE.
In addition, there was a significant decrease in the level
of serum AST in the group given only SBFE (Fig. 7)
when compared with the group induced with HCl/

Table 1 Docking scores of the lead, other flavanones
(Hesperetin and Naringenin), and the standard drugs (Celecoxib,
ibuprofen, Indomethacin)

Compounds Docking scores COX-1 Docking scores COX-2
Celecoxib -103 -112

Eriodictyol -78 -84

Hesperetin -73 -85

Ibuprofen -70 -74

Indomethacin -89 -72

Naringenin -6.7 -78

ethanol only. No significant differences were observed in
the groups pre-treated with 50 mg/kg, 100 mg/kg, and
the group given only the SBFE when compared with the
control.

Liver glutathione

The level of glutathione (GSH) was significantly reduced
in the group administered with HCl/ethanol only, when
compared with the basal control (Fig. 5¢). The level of
GSH was significantly reduced in the group pre-treated
with 50 mg/kg diclofenac when compared with the basal
control group and the group given only the HCl/ethanol.
There was a significant increase in the level of GSH in
the groups pre-treated with 50 mg/kg and 100 mg/kg
SBFE when compared with the basal control (Fig. 5c).

The superoxide dismutase

As indicated in Fig. 5d, SBFE (50 mg/kg, 100 mg/kg, and
100 mg/kg of SBFE only) significantly elevated the level
of SOD when compared with the basal control group
and the groups administered HCl/ethanol only and
diclofenac + HCl/ethanol. The SOD level was
significantly decreased in the group administered HCl/
ethanol only, and in the group pretreated with
diclofenac (diclofenac + HCl/ethanol). In Fig. 5d, the
SOD level of the group of animals given only 100 mg/kg
of Sorghum bicolor flavanone extract (SBFE) was
significantly increased when compared with the control.

Lipid peroxidation
The level of malondialdehyde (MDA) was significantly
increased in the groups administered HCl/ethanol only
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Fig. 3 a Interactions of celecoxib (orange) with key residues at the catalytic site of COX-2, the dotted red lines represent the hydrophobic
interactions while the blue lines represent hydrogen bonds interactions. b Interactions of celecoxib (orange) with key residues at the catalytic site
of COX-1; the dotted red lines represent hydrophobic interactions while the blue lines represent hydrogen bonds interactions. ¢ Interactions of
eriodicytol (orange) with key residues at the catalytic site of COX-2; the dotted red lines represent hydrophobic interactions while the blue lines
represent hydrogen bonds interactions. d Interactions of eriodicytol (orange) with key residues at the catalytic site of COX-1; the dotted red lines
represent hydrophobic interactions, the blue lines represent hydrogen bonds interactions and the dotted green lines represent Pi-stacking
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Fig. 4 The binding mode of the re-docked (cyan) and the co-crystallized, aspirin (red) within the active site of COX-2

and in the group pre-treated with diclofenac (Fig. 5e).
However, there were no significant differences in the
groups pre-treated with SBFE (50 mg/kg and 100 mg/
kg) and the groups treated with only 100 mg/kg SBFE
when compared with the control.

Gene expression profiling of the cyclooxygenases

COX-2 gene

In Fig. 6a, the administration of HCl/ethanol only
(negative control) and diclofenac + HCl/ethanol (positive
control) significantly upregulate the expression of COX-2
gene when compared with the basal control. However, in
the groups pre-treated with SBFE (HCI + ETOH + 50 mg/
kg and HCl + ETOH + 100 mg/kg), there was significant
downregulation of the expression of the COX-2 gene
when compared to the basal control, negative control, and
positive control (Fig. 6a).

COX-1 gene

In Fig. 6b, COX-1 expression was upregulated in the
negative control (HCl/ethanol only). There was no obvi-
ous downregulation in the expression of COX-1 in the
positive control group and in the groups pre-treated
with SBFE and later induced with HCl/ethanol (50 mg/kg
and 100 mg/kg of SBFE) when compared with the
negative control.

Histopathology analyses of the gastric mucosal tissues

Figure 7a reveals the microscopic view of the gastric
mucosa tissue of the basal control. Figure 7b shows the
microscopic view of the gastric mucosa tissue of the
negative control (HCl/ethanol). Figure 7c shows the
microscopic view of the gastric mucosa tissue of the
positive control (diclofenac + HCl/ethanol). Figure 7d
shows the microscopic view of the gastric mucosa tissue
of the group pre-treated with 50 mg/kg Sorghum bicolor
flavanone (SBFE). Figure 7e reveals the microscopic view

of the gastric mucosa tissue of the group pre-treated
with 100 mg/kg Sorghum bicolor flavanone extract
(SBFE) while Fig. 7f reveals the microscopic view of
the gastric mucosa tissue of the group treated with
100 mg/kg Sorghum bicolor flavanone extract (SBFE) only.

Discussion

Modeled protein validation

The modeled structure of COX-1 possess 99.6% allowed
region and no disallowed region as validated with the
Ramachadran plot (Fig. 2), which shows that our model
is good and a true representation of human COX-1.

Molecular docking and virtual high throughput screening
The virtual high throughput screening revealed eriodictyol
(Fig. 1), a flavanone, as the lead compound (Table 1). In
addition, molecular docking of other flavanones
(hesperetin and naringenin) shows that they possess
selective inhibitory potentials against COX-2 (Table 1).

This is in accordance with various reports that have
hitherto implicated flavanones as anti-inflammatory
compounds [42-44]. The selective potential of COX-2
inhibitors depends on the replacement of histidine 513
and isoleucine 523 of COX-1 with the smaller arginine
and valine respectively. This replacement removes the
restriction at the mouth of the secondary side channel
and allows access for the bulkier selective COX-2 inhibi-
tors [45]. It appears that the selectivity of inhibitors to
COX-2 is due to hydrogen bonds interactions (Table 2)
[46]. Eriodictyol forms two hydrogen bonds interactions
(Tyr-371 and Ser-516) within the active site of COX-2,
while it forms only one hydrogen bond (Met-521) with
COX-1 (Fig. 3¢, d).

Validation of docking results
The re-docked pose overlaps almost completely with the
experimental orientation (Fig. 4). This gives credence to
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Fig. 5 a Effect of SBFE on HCl/ethanol-induced changes in serum alanine aminotransferase activity. Values are expressed as mean + Standard
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B3 DICLOFENAC+HCI/EtOH
D HCVEtOH+50mg S.bicolor
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(U/mg protein)

EZ3 HCI/EtOH only

B3 DICLOFENAC+HCI/EtOH

D HCIEtOH+50mg S.bicolor
HCI/EtOH+100mg S.bicolor
100mg S.bicolor only

error of mean (n = 6/group). P < 0.05 is considered to be statistically significant. Bars with different alphabets are statistically significant. b Effect
of SBFE on HCl/ethanol-induced changes in serum aspartate transaminase activity. Values are expressed as mean =+ Standard error of mean

(n = 6/group). P < 0.05 is considered to be statistically significant. Bars with different alphabets are statistically significant. ¢ Effect of SBFE on HCI/
ethanol-induced changes in hepatic reduced glutathione levels. Values are expressed as mean + Standard error of mean (n = 6/group). P < 0.05
is considered to be statistically significant. Bars with different alphabets are statistically significant. d Effect of SBFE on HCl/ethanol-induced
changes in hepatic superoxide dismutase activity. Values are expressed as mean + Standard error of mean (n = 6/group). P < 0.05 is considered
to be statistically significant. Bars with different alphabets are statistically significant. e Effect of SBFE on HCl/ethanol-induced changes in hepatic

significant. Bars with different alphabets are statistically significant

malondialdehyde (MDA). Values are expressed as mean + Standard error of mean (n = 6/group). P < 0.05 is considered to be statistically

the accuracy of the auto-dock vina algorithm employed
for molecular docking and virtual screening in the
present study.

Biochemical assays

Serum alanine aminotransferase

An elevated serum alanine aminotransferase (ALT) and
serum aspartate aminotransferase (AST) has been
proposed as an indicator of alcohol-induced liver

damage [47]. In the present study, the level of ALT was
significantly increased in the group of animals given
HCl-ethanol only when compared with the basal control
(Fig. 5a). This is an indication of liver damages [47]. The
level of ALT was significantly attenuated in the groups
that were pre-treated with Sorghum bicolor flavanone ex-
tract (SBFE) (50 mg/kg and 100 mg/kg). The level of
ALT was also significantly reduced in the group given
only SBFE (100 mg/kg) when compared with the basal
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Fig. 6 a Relative expression of COX-2 in the liver of rats in HCl/ethanol-induced inflammation. Values are expressed as mean + Standard error of
mean (n = 6/group). P < 0.05 is considered to be statistically significant. Bars with different alphabets are statistically significant. b Relative
expression of COX-1 in the liver of rats in HCl/ethanol-induced inflammation. Values are expressed as mean + Standard error of mean

(n = 6/group). P < 0.05 is considered to be statistically significant. Bars with different alphabets are statistically significant
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Fig. 7 a The basal control group, magnification of x 100. b Negative control, magnification of x 400. ¢ The positive control, magnification of x
400. d Effects of the pre-treatment of 50 mg/kg Sorghum bicolor flavanone (SBFE) on the gastric tissue of HCl/ethanol-induced inflammation in
rats, magnification x 400. e Effects of the pre-treatment of 100 mg/kg Sorghum bicolor flavanone (SBFE) on the gastric tissue of HCl/ethanol-
induced inflammation in rats, magnification x 400. f Effects of 100 mg/kg Sorghum bicolor flavanone extract (SBFE) only on the gastric tissue of
the experimental animals, magnification x 100

Table 2 Amino acids interactions of Celecoxib and the lead, Eriodictyol with COX-2 and COX-1

Complex Hydrogen bond Hydrophobic

Interactions Interactions

1.a. Celecoxib-3NTG (COX-2) | Arg-499, His-75, | Val-509, Phe-504, Phe-367, Val-

GIn-178, Ile-503, | 335, Ala-513, Tyr-371, Trp-373

Phe-504
b. Celecoxib-COX-1 GIn-191, Ile-516, Leu-351, Ile-522, Typ-354, Val-
Phe-517 348, Trp-386, Ala-526

2.a. Eriodictyol-3NTG (COX-2) | Tyr-371, Ser-516 Trp-373, Leu-517, Leu-338, Val-

509, Val-335, Ala-513

b. Eriodictyol -COX-1 Met-521 Tyr-354, Ala-526, Leu-351, Ile-

522, Phe-517, Trp-386, Tyr-384
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control. It is evident from the present study that SBFE
possesses hepatoprotective effects; this is in agreement
with the report of Agbaje et al. [48].

Serum aspartate aminotransferase

The level of AST was significantly increased in the
group induced with HCl/ethanol only, indicating liver
damage. There was no significant decrease in the level of
serum AST in the group pre-treated with the diclofenac
and later induced with HCl/ethanol when compared
with the group induced with only HCl/ethanol (no pre-
treatment) (Fig. 5b). However, there was a significant
decrease in the level of serum AST in the groups pre-
treated with 50 mg/kg and 100 mg/kg SBEE. In addition,
there was a significant decrease in the level of serum
AST in the group given only SBFE (Fig. 7) when com-
pared with the group induced with HCl/ethanol only.
No significant differences were observed in the groups
pre-treated with 50 mg/kg, 100 mg/kg, and the group
given only the SBFE when compared with the control.
This confirms the hepatoprotective properties of
Sorghum bicolor [48].

Liver glutathione

Glutathione (GSH) is an important antioxidant and cell-
signaling regulator. GSH protect the cells against oxida-
tive injury by reducing H,O, and scavenging reactive
oxygen and nitrogen radicals. In the present study, the
level of GSH was significantly reduced in the group ad-
ministered with HCl/ethanol only, when compared with
the basal control (Fig. 5c). The reduced level of GSH
may be as a result of HCl/ethanol-induced liver injury
[49]. The level of GSH was significantly reduced in the
group pre-treated with 50 mg/kg diclofenac when com-
pared with the basal control group and the group given
only the HCl/ethanol. The reduced level of GSH in this
group (diclofenac + HCl/ethanol) may be as a result of
synergistic oxidative loads of diclofenac and HCl/ethanol
on the liver. Diclofenac has been reported to be hepato-
toxic [50]. However, there was a significant increase in
the level of GSH in the groups pre-treated with 50 mg/
kg and 100 mg/kg SBFE when compared with the basal
control (Fig. 5c). It is observed here that the Sorghum
bicolor extract maintains the liver integrity by augmenting
the antioxidant defense system of the liver.

The superoxide dismutase

Superoxide dismutase is a detoxifying enzyme; it is a
component of the first line of the defense system against
reactive oxygen species (ROS). Superoxide dismutase
(SOD) is the first detoxification enzyme and most
powerful antioxidant in the cell. It is an important
endogenous antioxidant enzyme that acts as a component
of first-line defense system against ROS [51]. It catalyzes
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the dismutation of two molecules of superoxide anion to
hydrogen peroxide and molecular oxygen and in the
process rendering the potentially harmful superoxide
anion less hazardous. AS indicated in Fig. 5d, SBFE (50
mg/kg, 100 mg/kg, and 100 mg/kg of SBFE only) signifi-
cantly elevated the level of SOD when compared with the
basal control group and the groups administered HCl/
ethanol only and diclofenac + HCl/ethanol. The SOD level
was significantly decreased in the group administered
HCl/ethanol only, and in the group pretreated with diclo-
fenac (diclofenac + HCl/ethanol), it appears that the toxic
effects of ethanol and diclofenac disrupt the antioxidant
defense system of the liver and it is probably through the
generation of free radicals [52]. As revealed in Fig. 5d, the
SOD level of the group of animals given only 100 mg/kg
of sorghum bicolor flavanone extract (SBFE) was signifi-
cantly increased when compared with the control. The
SBFE, due to its reported antioxidant properties [53], may
act by augmenting the antioxidant SOD defense system of
the liver.

Lipid peroxidation

The development of chronic liver damage has been
shown to be associated with the onset of lipid
peroxidation [54]. Malondialdehyde (MDA) has been
reported to be the foremost product to evaluate lipid
peroxidation [55]. The level of MDA was significantly
increased in the groups administered HCl/ethanol only
and in the group pre-treated with diclofenac (Fig. 5e).
There were no significant differences in the groups pre-
treated with SBFE (50 mg/kg and 100 mg/kg) and the
groups treated with only 100 mg/kg SBFE when com-
pared with the control. HCl/ethanol and diclofenac-
induced lipid peroxidation; however, the SBFE protect
the liver from lipid-peroxidation.

Gene expression profiling of the cyclooxygenases

COX-2 gene

The COX-2 gene encodes the inducible isozyme,
cyclooxygenase-2. It is induced by specific inflammatory
stimuli, suggesting that it is responsible for the prosta-
noid biosynthesis involved in inflammation and mito-
genesis. In Fig. 6a, the administration of HCl/ethanol
only (negative control) and diclofenac + HCl/ethanol
(positive control) significantly upregulate the expression
of COX-2 gene when compared with the basal control.
However, in the groups pre-treated with SBFE (HCl +
ETOH + 50 mg/kg and HCl + ETOH + 100 mg/kg),
there were significant downregulation of the expression
of the COX-2 gene when compared to the basal control,
negative control, and positive control (Fig. 6a). It is ob-
vious from the result herein (Fig. 6a) that SBFE down-
regulates the expression of the pro-inflammatory COX-2
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gene. The anti-inflammatory potential demonstrated by
SBEFE (Fig. 6a) is likely due to its inhibition of COX-2.

COX-1 gene

This converts arachidonic acid to prostaglandin H2
(PGH2). It is involved in the constitutive production of
prostanoids in particular in the stomach and platelets. It
plays an important role in cytoprotection. It promotes
platelet activation and aggregation, vasoconstriction, and
proliferation of vascular smooth muscle cells through
the generation of thromboxane A2 (TXA2). In Fig. 6b,
COX-1 expression was upregulated in the negative con-
trol (HCl/ethanol only). However, there was no obvious
downregulation in the expression of COX-1 in the posi-
tive control group and in the groups pre-treated with
SBFE and later induced with HCl/ethanol (50 mg/kg and
100 mg/kg of SBFE) when compared with the negative
control. The downregulation of the expression of COX-
2 by SBEE (Fig. 6a) and the inability of the same SBFE to
downregulate the expression of COX-1 (Fig. 6b) is likely
due to the selective inhibition of COX-2 by SBFE.

Histopathology analyses of the gastric mucosal tissues
The gastric mucosal tissues from the stomach of the
experimental animals from groups A-F were fixed in
10% buffered formalin and stained with hematoxylin and
eosin. Figure 7a reveals the microscopic view of the
gastric mucosa tissue of the basal control. In this group,
there are locally extensive foci of mild erosion (blue
arrow) of the surface covering epithelial cells of the
gastric mucosa. There are a few foci of mild hyperplasia
of mucus neck cells (red arrow). Other tunics show no
visible lesion.

Figure 7b shows the microscopic view of the gastric
mucosa tissue of the negative control (HCl/ethanol). In
this group, all tunics appear fairly normal. There are a
few amounts of inflammatory cells at the base of the
mucosa (blue arrow).

Figure 7c shows the microscopic view of the gastric
mucosa tissue of the positive control (diclofenac + HCl/
ethanol). In this group, all tunics appear fairly normal
However, there are a few foci of mild cloudy degeneration
of a few parietal cells (arrow).

Figure 7d shows the microscopic view of the gastric
mucosa tissue of the group pre-treated with 50 mg/kg
Sorghum bicolor flavanone (SBFE). There is a widespread
loss (blue arrow) of mucous cells of the mucous glands
of the tunica mucosa. Parietal cells (red arrow) show
varying degrees of cloudy degeneration.

Figure 7e reveals the microscopic view of the gastric
mucosa tissue of the group pre-treated with 100 mg/kg
Sorghum bicolor flavanone extract (SBFE). All tunics ap-
pear normal. No visible lesion.
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Figure 7f also reveals the microscopic view of the
gastric mucosa tissue of the group treated with 100 mg/
kg Sorghum bicolor flavanone extract (SBFE) only. All
the tunics appear normal and there was no visible lesion.

The histopathological analyses demonstrate that SBFE
is effective in the prevention of HCl/ethanol-induced
gastric injury in Wistar rats (Fig. 7a—f). COX-1 inhibitors
are associated with a number of side effects including
gastrointestinal erosions and renal and hepatic insuffi-
ciency; SBFE demonstrates its anti-inflammatory poten-
tial without any of such effects (Fig. 7a—f).

Conclusion

The side effects of current NSAIDs are as a result of
selective inhibition of COX-1. To the best of our know-
ledge, nothing has been reported so far on the selective
inhibition of COX-2 by flavanones. The present study
established that flavanones are selective inhibitors of
COX-2. This study shows that novel and potent hits
could be generated via the virtual high throughput
screening techniques applied herein.
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