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Objective: The study investigated the effect of newly synthesized benzimidazole derivatives against ethanol-induced neurodegenera-
tion. According to evidence, ethanol consumption may cause a severe insult to the central nervous system (CNS), resulting in mental
retardation, neuronal degeneration, and oxidative stress. Targeting neuroinflammation and oxidative stress may be a useful strategy for
preventing ethanol-induced neurodegeneration.
Methodology: Firstly, the newly synthesized compounds were subjected to molecular simulation and docking in order to predict
ligand binding status. Later, for in vivo observations, adult male Sprague Dawley rats were used for studying behavioral and oxidative
stress markers. ELIZA kits were used to analyse tumour necrosis factor-alpha (TNF-), nuclear factor-B (NF-B), interleukin (IL-18),
and pyrin domain-containing protein 3 (NLRP3) expression, while Western blotting was used to measure IL-1 and Caspase-1
expression.
Results: Our findings suggested that altered levels of antioxidant enzymes were associated with elevated levels of TNF-α, NF-B, IL-1,
IL-18, Caspase-1, and NLRP3 in the ethanol-treated group. Furthermore, ethanol also caused memory impairment in rats, as measured
by behavioural tests. Pretreatment using selected benzimidazole significantly increased the combat of the brain against ethanol-induced
oxidative stress. The neuroprotective effects of benzimidazole derivatives were promoted by their free radical scavenging activity,
augmentation of endogenous antioxidant proteins (GST, GSH), and amelioration of lipid peroxide (LPO) and other pro-inflammatory
mediators. Molecular docking and molecular simulation studies further supported our hypothesis that the synthetic compounds Ca and
Cb had an excellent binding affinity with proper bond formation with their targets (TNF-α and NLRP3).
Conclusion: It is revealed that these benzimidazole derivatives can reduce ethanol-induced neuronal toxicity by regulating the
expression of cytokines, antioxidant enzymes, and the inflammatory cascade.
Keywords: benzimidazole derivatives, ethanol, neuroinflammation, neurodegeneration, oxidative stress, NLRP3 inhibition

Introduction
Neurodegenerative diseases represent a more significant hazard to humans, more precisely to the elderly population.1

Despite the high prevalence, limited or no disease-modifying therapy (DMT) is available to manage these disorders, thus
emphasizing a considerable translational gap from drug development to in vivo experimentation and clinical trials.2,3

Several heterocyclic moieties such as benzimidazole showed favorable biological activities due to the innate structural
diversity, which offers structure modulation to a greater extent. Many benzimidazoles are available as potential clinical
drugs against many diseases, for instance, omeprazole and many antimicrobial agents such as albendazole and
flubendazole.4 Furthermore, many benzimidazoles are screened for their potential anti-inflammatory,5 antiviral6
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antiproliferative, and anthelmintic properties.7 Likely, these compounds exhibited potent free radical scavenging proper-
ties as demonstrated in several reports,8,9 which can be attributed to neuroprotection in Parkinson’s,10 Alzheimer’s,11 and
other memory impairment models.12,13 In this context, the beneficial effects of benzimidazole against multiple neuro-
degenerative’s targets have been recently reviewed.14 Previously reported mechanistic studies showed that benzimidazole
mediates anti-inflammatory effects by inhibiting NF-κB.15

We employed ethanol to generate neuroinflammation, neurodegeneration, and behavioural abnormalities as a model of
memory impairment. Moreover, mounting evidence suggests that ethanol consumption may produce a severe insult to the
central nervous system (CNS), resulting in negative consequences in the brain and is a main cause of birth abnormalities,
mental retardation, and neurodevelopmental problems. Several mechanisms for ethanol-induced neuronal degeneration
have been researched and postulated; the most well-known process is the formation of enhanced reactive oxygen species
(ROS), which increases oxidative stress and, as a result, leads to neuronal degeneration.16 Neuroinflammation is the next,
which is induced by oxidative stress, also affects neuronal function.13,17 The influx of inflammatory mediators and
cytokines leads macrophages to penetrate the brain, exacerbating the underlying pathophysiology.18 The NLRP3 inflam-
masome plays a significant role in innate immunity and is, therefore, the most investigated inflammasome.19 Mitochondrial
dysfunction has been suggested to accelerate neurodegeneration due to elevated reactive oxygen species (ROS) production
and NLRP3 inflammasome activation in neurodegenerative and other inflammatory diseases.20 Activation of NLRP3
inflammasome involves a two-step process. First, the activation of the nuclear factor-kappa B (NF-κB) pathway is required
to upregulate the expression of NLRP3, pro-interleukin-1β (pro-IL-1β), and caspase 1, which is accomplished by
stimulating toll-like receptors (TLRs).16,21 After priming, the NLRP3 complex can be activated by several stimuli,
including extracellular ATP, ionic flux, lysosomal rupture, and reactive oxygen species (ROS).17,18

Based on these aforementioned studies, the present study continues and further validates our previous research work
by using synthetic benzimidazole as potential neuroprotective agents.12 In this research work, we synthesized new
analogs of benzimidazole, performed its structural analysis, and further evaluated its effect on oxidative stress and
neuroinflammation. The results will additionally add and evidence our approach about the potential of benzimidazole for
the treatment of memory impairment such as Alzheimer’s disease.

Materials and Methods
Chemicals and Reagents
Daejung (South Korea) and AlfaAesar (Germany) provided all initial supplies. The melting points of the final compounds
were recorded using a digital Gallenkamp (Sanyo) apparatus. The Bruker AM-300 was used to review the proton NMR
(1H-NMR) and carbon-13 (13C-NMR) spectra in DMSO d6 at 300 MHz and 75 MHz, respectively, with TMS as an
internal baseline. The Fourier-transform infrared spectroscopy (FTIR) spectra were recorded using an Alpha Bruker
FTIR spectrophotometer (ATR eco ZnSe, Vmax in cm1). Thin-layer chromatography was used to track all reactions
(TLC). Ethanol was obtained from Sigma-Aldrich Co. LLC, USA, and donepezil and dimethyl sulfoxide (DMSO) were
obtained from the local pharmaceutical industry by ensuring a high analytical grade (99% HPLC-Getz Pharma).
3,3-Diaminobenzidine peroxidase (DAB), and avidin–biotin complex (ABC) were purchased from Santa Cruz
Biotechnology (USA). 1-Chloro-2,4-dinitrobenzene (CDNB), hydrogen peroxide (H2O2), trichloroacetic acid (TCA),
formalin, thiobarbituric acid (TBA), N-(1-naphthyl), ethylenediamine dihydrochloride, 5,5’-dithio-bis-(2-nitrobenzoic
acid; DTNB), and glutathione (GSH) were procured from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies,
such as mouse anti-p-NF-κB (sc-271908) and mouse anti-TNF-α (sc-52B83), and mouse anti-COX2 (SC-514489), were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A secondary antibody was procured from Abcam,
UK. Elisa kits for p-NF-κB (Cat # SUB28069) were procured from Shanghai Yuchun Biotechnology, China, while IL-18
ELISA kit (Cat# E-ELR0567) and TNF-A (Cat# E-EL-R0019) were purchased from Elabscience China. Rat NLRP3
Elisa kit (ab277086) was procured from Abcam, UK, while COX-2 kit (Cat # 30205Ra) was purchased from Nanjing
Pars Biochem CO., LTD.
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Synthesis of Benzimidazole Derivatives (Ca and Cb)
The new benzimidazole derivatives were synthesized following a three-step reaction, as shown in Figure 1 In the first
step, the benzimidazole moiety was generated by the reaction of phenylenediamine with different aldehydes in the
presence of sodium metabisulfite.22 In the second step, acetanilide was added to chlorosulfonic acid and stirred at room
temperature to generate 4-acetamidobenzene-1-sulfonyl chloride.23 Finally, the newly synthesized benzimidazoles (0.01
mmol) were treated with 4-acetamidobenzene-1-sulfonyl chloride in the presence of sodium hydroxide to produce the
final compounds.24

Docking Study
Proteins were downloaded from the PDB database. Compounds were first drawn by Chem Draw and then converted to
PDB format and minimized by using PyMOL. Proteins were cleaned by PyMOL and minimized by a Swiss PDB Viewer
before docking. Proteins and compounds were prepared by using MGLTools. Water droplets were removed, and polar
hydrogen atoms were added to all targets. Docking was performed by using AutoDock Vin.25 Grid dimensions for all
marks are shown in Table 1.

Molecular Dynamic (MD) Simulation Analysis
Desmond, a package of Schrödinger LLC, was used to perform MD simulations for 50 ns. Docking studies were
performed to determine the initial stages of protein and ligand complexes required for MD simulations. These molecular
docking studies provide an initial prediction of the binding status of a ligand under static conditions. Simulations were
conducted to predict the status of ligand binding. Protein Preparation Wizard or Maestro was used to preprocess the
protein–ligand complexes, including the optimization and minimization of complexes. The system builder tool was used
for the preparation of all the systems. The solvent model with an orthorhombic box was selected as a TIP3P transferable

Figure 1 General scheme for the synthesis of new benzimidazole acetamide derivatives. (A) N-[4-(2-phenyl-1H-benzimidazole-1-sulfonyl) phenyl] acetamide (Ca) (B) and
N-{4-[2-(2-methoxyphenyl)-1H-benzimidazole-1 sulfonyl] phenyl} acetamide (Cb).
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intermolecular interaction potential of 3 points. For the simulation, an OPLS_2005 force field was used. Counter ions
were added to neutralize the models. And, 0.15 M salt solution of NaCl was added to mimic the physiological
conditions. An NPT ensemble with a temperature of 300 K and pressure of 1 atm was selected to perform the complete
simulation. The models were relaxed before the simulation studies. The stability of the simulations was evaluated by
calculating the RMSD of both the protein and the ligand, and the trajectories were saved every 100 ps for analysis.
Desmond trajectories were analyzed. RMSD, RMSF, and protein–ligand were calculated from the MD trajectory
analysis.26

Animals and Drug Treatments
Adult male Sprague Dawley rats weighing 200–300 g and aged 10–12 weeks were obtained from the animal house of
the Riphah Institute of Pharmaceutical Sciences. All experimental protocols were approved by the Research and Ethical
Committee (REC) of the Riphah Institute of Pharmaceutical Sciences (RIPS), Riphah International University,
Pakistan, and by following guidelines of the Institute of Laboratory Animal Resources, Commission on Life
Sciences University, National Research Council (1996). The rats were divided into five groups, each containing
n=10/group. Group I: saline group (normal saline was administered to this group for 11 days at 10 mL/kg intraper-
itoneally), Group II: disease group (ethanol was administered for 11 days at 2 g/kg intraperitoneally), Group III:
treatment group (10 mg/kg of compound Ca was administered, followed by ethanol injection for 11 days), Group IV:
treatment group (10 mg/kg of compound Cb was administered, followed by ethanol injection for 11 days), Group V:
standard group (donepezil at 3mg/kg was administered, followed by ethanol injection for 11 days). The ethanol and
synthetic compounds’ dose were selected based on previously reported literature.12,27 The cortex and hippocampus
from the brain tissues were collected and either stored at −50°C or preserved in 4% paraformaldehyde. Histological
study of tissue was performed by implanting the tissue in paraffin and sectioned into thin coronal sections (4 µm) using
a rotary microtome as shown in Figure 2.

Behavioral Tests
Morris Water Maze (MWM) Test
MWM test was performed as described previously.44 Briefly, four hypothetical quadrants were made in the cylindrical
pool such as the target quadrant, left, right, and opposite quadrants. The hidden platform was positioned 1 cm beneath the
water surface in the target quadrant. Training sessions were conducted for 3 days to determine the escape latency. The
training sessions were carried out two times a day with a lag period of 25 min between each trial. During the probe test,
the platform was removed and each animal was dropped opposite to the target quadrant. Time spent in the target quadrant
was considered as a measure of the extent of memory function and impairment.

Y-Maze Test
The Y-maze apparatus consisted of a black painted wooden piece about 50-cm tall, 20-cm thick, 10-cm wide at the
bottom, and 10-cm wide at the top. Each individual rat was placed in the center of the maze and allowed to move freely
(up to 8 min). The entry of rats into the alternate arm was considered to be a spontaneous alternation, while the entry of
rats into the adjacent arm set was denoted as a total number of arm entries. The percentage (%) of alternation behavior

Table 1 Grid Formation for Molecular Docking

Protein Center_x Center_y Center_z Size_x Size_y Size_z

5F1A 35.6756 24.9639 217.8091 76.4994210672 76.4190421867 99.0218721008

7JRA −13.6879 71.6059 27.0007 71.6928297997 67.4812873459 71.3257006216

6NPY 105.631 104.4466 104.6186 105.028896103 78.0204025269 88.8880636597

3F62 9.9729 6.879 12.9244 48.7415888596 53.7797821236 59.9433585453
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was calculated as the number of successful entries into three different arms/total number of arm entries – 2×100.
A greater percentage of alternation behavior showed enhanced spatial working memory and vice versa.28

Oxidative Enzyme Analysis
Glutathione (GSH) and Glutathione S-Transferase (GST) Assay
GSH level was determined as previously mentioned protocol. We mixed 0.2 mL of the tissue supernatant with 2 mL of
DTNB mixture, followed by the addition of 0.2 M phosphate buffer to yield a final volume of 3 mL. The absorbance was
measured after 10 min using a spectrophotometer at 412 nm, where phosphate buffer and DTNB solution were used as
a blank and control, respectively. The real absorbance value was obtained by subtracting the absorbance of the control
from that of the tissue lysate. The final GSH activity was expressed in units of µmol/mg of protein.27

To calculate GSTactivity, we freshly prepared 1 mMCDNB and 5 mMGSH solutions in 0.1 M phosphate buffer. Three
replicates of the 1.2 mL reaction mixture were kept in glass vials, followed by the addition of 60 µL of tissue homogenate to
each of these mixtures. The blank contained water rather than tissue lysate. Next, 210 µL aliquots from the reaction mixture
were pipetted out in a microtiter plate; further, absorbance was measured at 340 nm for 5 min at 23 °C using an ELISA plate
reader (BioTek ELx808, Winooski, VT, USA). GSTactivity was expressed in units of µmol of CDNB conjugate/min/mg of
protein.

Lipid Peroxide (LPO) Assay
Another major oxidative stress marker is lipid peroxide (LPO), which is measured using a colorimetric technique (thiobarbi-
turic acid reactive substances).29 A mixture of 200 μL of supernatant, 200 μL of 100 mM ascorbic acid, 580 μL of 0.1 M PBS
(pH 7.4), and 20 μL of ferric chloride was formulated. The mixture was then maintained for 1 hour at 37 °C in a water bath.
One thousand liters of 0.66% thiobarbituric acid (TBA) and 1000 L of 10% trichloroacetic acid (TCA) were added to the
reaction mixture to stop the process. These sample tubes were then incubated in a water bath for another 20 minutes, then
soaked in ice-cold water for a time before being centrifuged at 3000g for 10minutes. Finally, the concentration of TBARSwas

Figure 2 Experimental design.
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determined by measuring the absorbance of the resultant mixture at 535 nm using an adequate blank. (nM/min)/mg protein
was used to compute the TBARS concentration.

Determination of Nitric Oxide (NO)
The Griess reagent reaction technique, with minor modifications, was used to quantify nitric oxide (NO) in tissue
homogenate.30 Fifty mcroliters of normal saline, 50 μL of Griess reagent (0.2% NEDD-naphthyl ethylenediamine
dihydrochloride, 2% sulfanilamide in 5% phosphoric acid), and 50 μL of previously homogenized and diluted super-
natant layer of brain tissue lysate were combined in a test mixture. The resultant mixture was incubated for 30 minutes at
37 °C. The absorbance of this solution at 540 nm was measured using a microplate reader. A standard sodium nitrite
solution was also used to calibrate the absorbance coefficient.

Enzyme-Linked Immunoassay (ELISA)
The NF-κB, TNF-α, COX-2, NLRP3, and IL-18 ELISAs were performed according to the manufacturer’s instructions.
After homogenizing brain tissue (50 mg), the supernatant was extracted after centrifugation (4000 rpm for 30 min). The
BCA method was used to determine the total protein concentration in each group. Using a 96-well plate, protein samples
were treated with antibodies contained in the package, absorbance values were measured with a microplate reader, and
concentrations in picograms per liter (pg/mL) were converted to total protein content in picograms per milligram (pg/mg
total protein). All procedures were repeated three times.31

Morphological Analysis
Following behavioral studies, animals were euthanized to collect brain samples and were fixed in 4% paraformaldehyde
for morphological analysis. The tissue was first sliced into 3–4 mm coronal sections and then embedded into paraffin
blocks and cut into thin 4μm sections by a microtome, and the following techniques were applied.

Hematoxylin and Eosin (H&E) Staining
Starting from dewaxing/deparaffinization and then rehydration step using a gradient alcohol series, which was ended by
rinsing slides in distilled water. Slides were then stained with hematoxylin and eosin, as discussed.32,33 Finally, slides
were dehydrated, and color was fixed in xylene and observed by a light microscope (Olympus, Japan).

Immunohistochemical Analysis
Immunostaining was performed as previously discussed.34 The tissue was first rehydrated using xylene, graded alcohol
series, and distilled water, then washed three times with PBS for 5 minutes each time. The antigen recovery process was
performed with Proteinase K. To suppress endogenous peroxidase activity, the tissue was washed and then treated with
a 3% H2O2 solution for 5 minutes. To prevent areas outside of the antigenic zones, blocking serum was administered at
room temperature for at least 1 hour. The slides were then incubated overnight at 4 °C with anti-mouse COX-2, anti-
mouse TNF-α, and anti-mouse p-NF-B antibodies (dilution 1:100, Santa Cruz Biotechnology, Dallas, TX, USA). After
washing with PBS, the slides were treated with a secondary antibody for 2 hours the next day. The slides were then
stained with an ABC staining kit and allowed to dry for 1 hour. Finally, the slides were stained for 5 minutes with DAB
solution, rinsed with water, dipped in xylene and 100% ethanol, then coated with a mounting medium. The slides were
air-dried for at least 1 day before being photographed with an Olympus microscope and analyzed with ImageJ software.
The slides were examined at 10× and 40× magnifications, with five randomly overlapping sections chosen to determine
the number of labeled neurons in the cortex and hippocampal regions.

Statistical Analysis
The data are presented as mean ± SEM. Data were analyzed by one-way analysis of variance (ANOVA) followed by
a post hoc Bonferroni multiple comparisons using GraphPad Prism 6 software. Immunohistochemical data were analyzed
using ImageJ software (ImageJ 1.30). The symbol $ indicates a significant difference relative to saline, € shows
a significant difference relative to the ethanol group. The value of P < 0.050 considered as level of significance.
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Results
Spectral Analysis of Compound Ca
Yield: 59%; m.p: 155°C; Rf=0.71 (ethyl acetate: pet ether, 1:7); Fourier-transform infrared spectroscopy (FTIR): 3455 (NH),
3100 (CH, sp2), 2870 (CH, sp3), 1660 (NH, amide), and 1560 (C=C, aromatic). Proton nuclear magnetic resonance (HNMR)
(DMSO-d6, δ ppm): 2.12 (CH3, s, 3H), 7.31–7.5 (m, Ar-H, 4H), 7.55 (d, 2H, J = 7.6 Hz), 7.6 (Ar-H, d, 2H, J = 7.0 Hz), 7.7
(Ar-H, d, 2H, J = 7.0 Hz), 7.8 (Ar-H, d, 2H, J =8.0 Hz), 7.65 (Ar-H, t, 1H, J = 8.0 Hz), and 9.10 (N-H, s, 1H).

Spectral Analysis of Compound Cb
Yield: 55%; m.p: 172°C; Rf=0.67 (ethyl acetate: pet ether, 1:7); FTIR: 3450 (NH), 3090 (CH, sp2), 2865 (CH, sp3), 1660
(NH, amide), and 1560 (C=C, aromatic). HNMR (DMSO-d6, δ ppm): 2.16 (CH3, s, 3H), 7.31–7.5 (m, Ar-H, 4H), 7.58 (d,
2H, J = 7.6 Hz), 7.64 (Ar-H, d, 2H, J = 7.0 Hz), 7.2–7.9 (Ar-H, dd, 4H, J = 7.0 Hz), 3.91 (CH3, s, 3H), and 9.10 (N-H, s, 1H).

Docking Studies and Molecular Dynamic (MD) Simulation
We performed docking studies and molecular dynamics (MD) simulations of our synthesized drugs Ca, Cb, and donepezil
(DNP) used as standard here against TNF-α (PDB ID: 7JRA), COX2 (PDB: 5F1A), NLRP3 (PDB: 6NPY), and IL-18 (PDB:
3F62). The detailed binding energies and hydrogen bond formation are shown in Tables 2 and 3, while 2D and 3D interactions
are shown in Figure 3. Due to the significant role of TNF-α and NLRP3, we further subjected the complex to MD simulations
to predict the ligand binding status. The MD simulation was performed for six complexes Ca-TNF-α, Cb-TNF-α, DNP-TNF
-α, Ca-NLRP3, Cb-NLRP3, and DNP-NLRP3 for 50 ns, and results were interpreted as root mean square deviations (RMSD)
(Figure 4), root mean square fluctuations (RMSF) (Figure 5), hydrogen and energy plot (Figure 6) analyses. The RMSD value
reveals complex stability, and its value up to 3Å indicates stable interactions. The RMSD is estimated based on the atom
selection once all protein frames are aligned on the reference frame backbone. Throughout the simulation, monitoring the
protein’s RMSD can provide insight into its structural conformation. The RMSD plots (Figure 4) show that both protein and
ligand demonstrate stability, and different ligands remained connected in the protein’s binding pocket in the simulation
process. The RMSD of a ligand is shown in this plot, “Lig fit Prot”, when the protein–ligand complex is first aligned on the
reference protein backbone, and then the RMSD of the ligand heavy atoms is measured. The RMSD plot of the complexes

Table 3 Best Pose Dock Analysis, Showing the Number of Hydrogen Bonds Formed by
the Interaction of Ca, Cb, and Donepezil with TNF-α, COX-2, NLRP3, and IL-18

Compounds Tnf α Cox-2 NLPR3 IL-18

Number of conventional hydrogen bonds

Ca 1 3 1 3

Cb 2 1 4 3

Donepezil 1 1 1 3

Table 2 Best Pose Dock Analysis, Showing Atomic Contact Energy Values (kcal/nol) Formed by
the Interaction of Ca, Cb, and Donepezil Against TNF-α, COX-2, NLRP3, and IL-18

Compounds Tnf α Cox-2 NLPR3 IL-18

Binding energies, kcal/mol

Ca −9.4 −9.9 −9.1 −7.9

Cb −8.9 −8.3 −8.4 −6.7

Donepezil −8.2 −8.8 −8.8 −6.9

Journal of Inflammation Research 2022:15 https://doi.org/10.2147/JIR.S351913

DovePress
3879

Dovepress Ullah et al

R
E
T
R
A
C
T
E
D

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


indicates that the complex Ca-TNF-α (Figure 4A), Cb-TNF-α (Figure 4C), DNP-TNF-α (Figure 4E), Ca-NLRP3 (Figure 4B),
Cb-NLRP3 (Figure 4D), and DNP-NLRP3 (Figure 4F) reaches stability, respectively at 15ns, 10ns, 5ns, 5ns, 5ns, and 15ns
with average RMSD values 0.4 Å, 0.6 Å, 0.5 Å, 0.8 Å, 1.5 Å, and 0.5 Å persists up to 50 ns. The RMSF value of the protein is
coupled to the ligand (Figure 5). The residues with higher peaks belong to loop areas or N- and C-terminal zones, as
determined by MD trajectories (Figure 6). The stability of ligand binding to the protein is shown by low RMSF values of
binding site residues. Furthermore, a persistent protein–ligand association is critical for the detection of hotspots. We noticed
here that TNF-α residues B-GLN125, C-SER60, C-TYR119, D-GLY121 possess the highest interaction fractions to value
equal to or greater than 0.15 with Ca (Figure 6A), Cb ligand shows an interaction fractions value >0.5 for residues B-GLN125
and D-TYR151 (Figure 6B). DNP shows a value >0.8 for residue D-TYR151 (Figure 6C). On the other hand, NLRP3
produces interaction fractions of value >0.4 for all ligands, whereas two residues are involved for Ca (Figure 6D, A-GLY696,
B-GLU135), while one residue for Cb (Figure 6E, A-LYS696) and one for DNP (Figure 6F, B-GLU135). These complexes
also indicated a convincing interaction of amino acids using different bonds. The protein and ligand timeline interaction is
represented as graphs for Ca-TNF-α complex (Figure 7A), Cb-TNF-α complex (Figure 7B), DNP-TNF-α complex
(Figure 7C), Ca-NLRP3 complex (Figure 7D), Cb-NLRP3 complex (Figure 7E), DNP-NLRP3 complex (Figure 7F).

Figure 3 Docked poses of protein TNF-α (A), COX2 (B), NLRP3 (C), and IL-18 (D) with co-crystallized ligands Ca and Cb. Panel 1a, 2a, 3a, and 1b, 2b, 3b, and 1c, 2c, 3c,
and 1d, 2d, 3d represent 2D interactions of Ca, Cb, and donepezil respectively with TNF-α, COX2, NLRP3, and IL-18. Panel 4a, 5a, 6a, and 4b, 5b, 6b, and 4c, 5c, 6c, and 4d,
5d, 6d represent 3D interactions of Ca, Cb, and donepezil respectively with TNF-α, COX2, NLRP3, and IL-18. Panel 7a, 8a, 9a, and 7b, 8b, 9b, and 7c, 8c, 9c, and 7d, 8d, 9d
represent the best pose of the complex.
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Effect of Ca and Cb on Cognitive Impairment and Histopathology
To determine the relative role of our test compounds on cognitive deficits, we performed MWM and Y-maze tests as
these tests assess hippocampus-dependent spatial learning.28–30 In the hidden-platform test of MWM, ethanol-treated rats
exhibited a higher latency time than saline-treated rats, which indicated severe memory deficits (Figure 8A, $$p < 0.01).
Treatment with Ca and Cb at 10 mg/kg doses significantly improved latency to reach the hidden platform (Figure 8A, €p
< 0.05). To assess reference memory, a probe trial was conducted 24 h after the last acquisition period. Figure 8B shows
the time spent by each group of rats in different quadrants, while Figure 8C indicates percent time in the target quadrant.
Increased time spent in quadrants other than the target quadrant shows impaired spatial learning, as observed in the
ethanol group (Figure 8B and C, $$p<0.01). After treatment, the animals displayed significantly improved spatial
memory and learning with 10mg/kg Ca and Cb (Figure 8B and C, €p < 0.05). Additionally, a Y-maze test (Figure 8D)
was conducted to assess the percentage of spontaneous alternation behavior in rats. Ethanol-treated animals demonstrated
a significant behavior deficit as shown by the fewer percentage of alternation in the Y-maze. On the other hand, the
compounds significantly enhance the percentage of alternation compared to the ethanol-alone injected mice. Using H&E
staining, we investigated morphological alterations in the cortical and hippocampus regions to further verify our concept.
The saline group had spherical, well-demarcated intact cells with basophilic cytoplasm and no nuclear condensation or
distortion (Figure 8E). Swollen, flattened, atrophied, and karyolitic neurons with pyknotic nuclei were observed in the

Figure 4 Representative RMSD panels of the Ca, Cb, and donepezil target protein TNF-α and NLRP3 over different nanoscale times. The left and the right y-axis indicated
a change in the RMSD value of the target protein and ligand respectively over different nanoscale times. (A) Ca-TNF-α complex, (B) Ca-NLRP3 complex, (C) Cb-TNF-α
complex, (D) Cb-NLRP3 complex, (E) DNP-TNF-α complex, (F) DNP-NLRP3 complex.
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ethanol-treated group, as well as other unusual traits such as swollen, flattened, atrophied, and karyolitic neurons with
pyknotic nuclei (Figure 8E). Examination of cortical and hippocampal areas validated that our newly synthesized drugs
significantly ameliorated these morphological damages, as indicated by an increase in the number of intact neurons and
cell count (Figure 8E, cortex: €p < 0.05 and DG: €p < 0.05).

Effect of Ca and Cb on the Endogenous Enzyme Level
We observed a significant change in the antioxidant profile between the saline and ethanol-administered rats. In the ethanol
group, a considerable reduction in GST and GSH levels (Figure 9A and B, $$P<0.01) was demonstrated associated with
a significant elevation in the activity of LPO (Figure 9C, $$P<0.01 and NO levels (Figure 9D, $$P<0.01). Ca and Cb
reversed the effect of ethanol and normalized the antioxidant enzyme levels of GSH (€p < 0.05), GST (€p < 0.05) while
reducing the elevated level of LPO and NO as shown in Figure 9C and D (€p < 0.05).

Ca and Cb Downregulated Inflammatory Cascade
Inflammatory mediators play a significant role in memory impairment. Therefore, we investigated whether Ca, Cb could
influence neuroinflammation. The protein level of p-NFκB, COX-2, and TNF- α were determined in the cortex and hippocampus

Figure 5 Representation of RMSF for the Ca, Cb, and DNP using the Desmond software package. (A) Ca-TNF-α complex, (B) Ca-NLRP3 complex, (C) Cb-TNF-α
complex, (D) Cb-NLRP3 complex, (E) DNP-TNF-α complex, (F) DNP-NLRP3.
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using ELISA. The level of these proteins was significantly elevated in the ethanol group relative to the saline group (Figure 10A,
C and E, $$p<0.01). Ca and Cb treatment resulted in a substantial decrease in the level of p-NFκB (Figure 10A, €p<0.05), COX-
2, and TNF- α (Figure 10C and E €p<0.05). To further validate, we performed immunohistochemistry analysis of p-NFκB
(Figure 10B), TNF-A (Figure 10D), and COX-2 (Figure 10F), and similar results were replicated. Furthermore, we also

Figure 6 Interactions of drugs with receptor proteins. (A) Ca-TNF-α complex, (B) Cb-TNF-α complex, (C) DNP-TNF-α complex, (D) Cb-TNF-α complex, (E) Cb-NLRP3
complex, (F) DNP-NLRP3 complex.

Figure 7 Timeline representation of the interactions and contacts (H-bonds, hydrophobic, ionic, and water bridges) the top panel of each image shows the total number of
specific contacts the protein makes with the ligand throughout the trajectory. The bottom panel of each image shows which residues interact with the ligand in each
trajectory frame. (A) Ca-TNF-α comple,x (B) Cb-TNF-α complex, (C) DNP-TNF-α complex, (D) Cb-TNF-α complex, (E) Cb-NLRP3 complex, (F) DNP-NLRP3 complex.
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investigatedNLRP3 and IL-18 expression, and our results demonstrated that Ca andCb significantly reduced the expression level
of these proteins relative to the ethanol group (Figure 10G and H, €p<0.05). Western blot analysis demonstrated that the IL-1β
and Caspase-1 expression level in the ethanol-treated group was significantly high compared to that in the saline-treated group

Figure 8 Effect of Ca and Cb on ethanol-induced memory impairment and neuronal survival. (A) The latency time of rats on the hidden platform. (B) Time spent by ethanol
and drug-treated rats in each quadrant in the probe test on the 4th day. (C) The percentage time spent by animals in the target quadrant, with 10/group. (D) Effect of ethanol
and drugs on alteration behavior. (E) Representative photomicrographs of the H&E-stained cortex and hippocampal tissue revealing the presence of kryolitic and atrophied
nuclei in ethanol-treated animals while the Ca, Cb, and donepezil group showed only a few cells with degenerative signs (40×, scale bar 50 μm). All data were expressed as
mean ± SEM (n=5/group). Data are expressed as mean ± SEM. $$p<0.01 compared to the saline group, €Shows a significant difference relative to the ethanol group denotes
a significant difference compared with the saline group$$.

Figure 9 Effect of Ca, Cb, and donepezil on oxidative enzymes in the cortex and hippocampus. (A) GSH level, (B) GST level, (C) LPO level, (D) NOS level. Data are
expressed as mean ± SEM. $$p<0.01 compared to the saline group while €p<0.05 compared to the LPS group. €Shows a significant difference relative to the ethanol group All
data were expressed as mean ± SEM (n=5/group).
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(Figure 11, $$p<0.01). Ca and Cb decreased the expression of IL-1β and Caspase-1, which was significantly low compared to the
ethanol-treated group €€p<0.01.

Discussion
The benzimidazole core has been reported in many pharmaceutical formulations in recent years due to its high
pharmacological activities.35 More interestingly, these molecules have a diverse application and are marketed as potential
candidate drugs against various disorders and are recently reviewed.4,36 Keeping in view the pharmacological impor-
tance, including its safety records and BBB penetration, we have synthesized a new series of benzimidazole derivatives
that can target multiple steps of the inflammatory cascade. For this purpose, a multi-reaction scheme was adopted with

Figure 10 Effect of test compounds on the outcomes of ethanol-induced inflammatory mediators. (A) p-NFκB protein expression as quantified by ELISA with (n=5/group).
(B) Immunohistochemistry results for p-NFκB in the cortical and hippocampal tissues with (n=5/group). p-NF-ΚB exhibited nucleus localization in the treated tissue. (C)
TNF-α protein expression as quantified by ELISA with (n=5/group). (D) Immunohistochemistry results for TNF-α in the cortical and hippocampal tissues with (n=5/group).
TNF-α exhibited cytoplasmic localization in treated brain tissues. (E) COX2 protein expression as quantified by ELISA with (n=5/group). (F) Immunohistochemistry results
for COX2 in the cortical and hippocampal tissues with (n=5/group). (G) NLRP3 protein expression as by ELISA (H) IL-18 protein expression as by ELISA with (n=5/group).
Data are expressed as mean ± SEM. $$p<0.01 compared to the saline group, €Shows a significant difference relative to the ethanol group denotes a significant difference
compared with the saline group.
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slight modification, as shown in Figure 1. Briefly, the benzimidazole moiety was generated by the reaction of
phenylenediamine with different aldehydes in the presence of sodium metabisulfite. Then, acetanilide was added to
chlorosulfonic acid and stirred at room temperature to generate 4-acetamidobenzene-1-sulfonyl chloride. Finally, the
newly synthesized benzimidazoles (0.01 mmol) were treated with 4-acetamidobenzene-1-sulfonyl chloride in the pre-
sence of sodium hydroxide to produce the final compounds. FTIR, proton NMR (1H-NMR), and carbon-13 (13C-NMR)
spectra were used to confirm the resulting derivatives as shown in result section. Most neurodegenerative disorders are
characterized by complicated pathophysiology owing to the complex brain nature, and for this reason, several clinical
testing. Benzodiazepine moieties can easily permeate the BBB and target several intracellular proteins and ion
channels.37,38

We previously synthesized different derivatives of benzimidazoles and evaluated their potential anti-inflammatory
activities.15 Those reported compounds exhibited free radical scavenging and antioxidant properties, attenuated
neuroinflammation in the memory impairment model. Furthermore, benzimidazole derivatives can target multiple
Alzheimer’s biomarkers to execute the neuroprotective actions.16 We previously demonstrated that benzimidazole
mediates anti-inflammatory effects by inhibiting inflammatory cytokines,15 which is consistent with other findings.17

In this study, we examined whether the newly synthesized derivatives can modulate ethanol-induced memory
impairment and cognitive deficits. Furthermore, we demonstrated the neuroprotective effects of benzimidazole
against inflammasome (NLRP3). To further support our notion, we performed molecular simulation studies, and
both synthetic compounds Ca and Cb exhibited an excellent binding affinity with targets (TNF-α and NLRP3).
Ethanol provokes behavioral deficits as several studies ruled out the link of ethanol to dementia and Alzheimer’s
disease.39,40 This is because ethanol can lead to irretrievable loss of white matter41 and sometimes gray matter.42

Figure 11Western blot analysis of IL-1β and Caspase 1. Data are expressed as mean ± SEM. $$p<0.01, $$p<0.01 compared to the saline group while €€p<0.05 compared to
the LPS group.
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Compound Ca and Cb therapy improved memory in ethanol-treated rats by reducing escape latency during the trial
session and boosting the percentage of spontaneous alternation behavior in the Y-maze test.

Furthermore, there is a definite link between increased ROS and inflammatory pathway activation.43 Many
studies have found a link between the activation of inflammatory pathways and the accumulation of oxidative stress
with ethanol consumption.39,44 Elevated oxidative stress affects brain tissues due to the higher oxygen demand and
fewer antioxidant enzymes.40,41 Thus, successful therapeutic approaches should control the neuroinflammation and
attenuate oxidative stress via stimulating the antioxidant enzymes. Several studies reported benzimidazole deriva-
tives’ antioxidant and anti-inflammatory activities.11,12,45–49 GSH and GST are essential endogenous antioxidants
that help to eliminate free radicals. Benzimidazole derivatives are effective ROS inhibitors via activating GSH and
inhibiting LPO.49,50 Pretreatment using selected benzimidazole significantly increased the combat of the brain
against ethanol-induced oxidative stress.

Neuroinflammation triggers ROS release, which is responsible for oxidative stress and aids in exacerbating the
pathogenesis of neurodegenerative diseases, including memory impairment, cognitive deficits, and other behavioral
abnormalities.51 Activation of the NLRP3 inflammasome has been linked to the development of several diseases and
inflammatory disorders, particularly age-related diseases, such as Alzheimer’s disease and type II diabetes (T2D).52,53

The cellular damage and lipid peroxidation are caused by the generation of reactive oxygen species (ROS) and pro-
inflammatory mediators such as interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α).54 Inhibition of TNF-α
helps to alleviate not only inflammation but also cognitive deficits.55 Inflammasomes are a vital component of the innate
immune system56 comprised multiprotein complex assembled in the cytosol for an executable pro-inflammatory
response.57 Among the various types of the inflammasome, the NLRP3 has been extensively studied in neurodegenera-
tive disorders.58 Several compounds have been screened and in the early stage of development as potential inhibitors of
NLRP3 inflammasome activation.43

The involvement of oxidative stress and ROS is consistently reiterated in the pathophysiology of various neurological
disorders, including ethanol-induced neurodegeneration.42 Likewise, oxidative stress can exacerbate dementia as the
brain has limited antioxidants combating capacity.50 Moreover, the degree of oxidative damage is proportional to ethanol
consumption.59 Our results attest to the previously reported data that ethanol administration induces an imbalance
between endogenous antioxidant substances and stress agents, thereby stimulating ROS production and activating the
neuroinflammatory cascade. Furthermore, several clinically used neuroprotective drugs currently have potential ROS
ameliorating effects in patients.60 Activation of pro-inflammatory mediators like COX-2 and p-NFB, as well as other
inflammatory cytokines like interleukin-6 (IL-6), interleukin-1 (IL-1b), and TNF-α, have been implicated in neuronal
damage in a variety of neurodegenerative scenarios, including ethanol-induced neurodegeneration.61 COX2 inhibitors
could be potential treatment strategies for attenuating neuroinflammation.62 Similarly, several TNF-α inhibitors are under
human clinical trials for neuroprotective effects.63

In conclusion, neuroinflammation causes the release of ROS, which is responsible for oxidative stress, and aids
in exacerbating the pathogenesis of neurodegenerative diseases (Figure 10). Neuroinflammation also activates
different inflammatory cytokines and mediators such as COX2, TNF-α, and NF-κB.46 The neuroprotective effects
of benzimidazole derivatives are promoted by their free radical scavenging activity, augmentation of endogenous
antioxidant proteins (GST, GSH), and amelioration of LPO and other pro-inflammatory mediators (Figure 10).
Furthermore, there is a direct link between increased ROS and activation of the inflammatory pathway.31

Compared to the saline group, the ethanol group showed a significant decrease in GSH and GST levels, indicating
an increased level of ROS production in the cortex and hippocampus. Our results supported the hypothesis that
benzimidazole derivatives can reduce ethanol-induced neuronal toxicity by regulating the expression of cytokines,
antioxidant enzymes, and the inflammatory cascade. The present study outlined the protective effects of novel
benzimidazole analogs by targeting the NLRP3 inflammasome, which plays a role in neuroinflammation
(Figures 11 and 12).
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