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ABSTRACT
Herein, a series of N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives were designed and synthes-
ised to target the multidrug efflux pump (MATE). The antibacterial activities were screened against S. aur-
eus, Acinetobacter, S. typhi, E. coli, and P. aeruginosa, whereas their antifungal activities were screened
against C. albicans. Compounds 4a, 4h, and 4i showed the most promising antibacterial and antifungal
activities. Moreover, compounds 4h and 4i being the broader and superior members regarding their anti-
microbial effects were selected to be further evaluated via in vivo testing using biochemical analysis and
liver/kidney histological examination. Additionally, molecular docking was carried out to attain further
deep insights into the synthesised compounds’ binding modes. Also, ADMET studies were performed to
investigate the physicochemical/pharmacokinetics features and toxicity parameters of the synthesised
derivatives. Finally, a structure-antimicrobial activity relationship study was established to facilitate further
structural modifications in the future.

HIGHLIGHTS

� A series of new N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives were designed and synthes-
ised targeting the multidrug efflux pump (MATE) guided by the pharmacophoric features of the co-
crystallized native inhibitor of the target protein.

� The newly synthesised compounds were assessed through in vitro, in vivo, and in silico approaches.
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� Using the agar well diffusion assay, the antibacterial activities of the synthesised compounds were
screened against S. aureus, Acinetobacter, S. typhi, E. coli, and P. aeruginosa, whereas, their antifungal
activities were screened against C. albicans.

� The minimal inhibitory concentration (MIC) and the minimal bactericidal concentration (MBC) of the
synthesised compounds were investigated on variable microbial species.

� Compounds (4h and 4i) -as the broader and superior members regarding their antimicrobial effects- were
further evaluated via in vivo testing using bio-chemical analysis and liver/kidney histological examination.

� A molecular docking study and ADMET in silico studies were performed.
� A structure-antimicrobial activity relationship study was established to facilitate further structural modi-
fications in the future.

1. Introduction

Mostly, humans coexist peacefully with the microorganisms that
surround them. But, when the immune system is compromised or
pathogen concentrations reach a critically high density, an infec-
tion may occur1. The considerable efforts devoted to microbial
diseases diagnosis and treatment during the past 50 years have
driven spectacular gains. Hence, a range of therapeutic interven-
tion strategies was introduced for clinical practice2. Besides, many
studies have looked over likely correlations between gut micro-
biota and intestinal diseases such as inflammatory bowel diseases,
and Crohn’s disease3. Moreover, bacterial pneumonia was possibly
the main cause of death among the elderly, until the mid-twenty
century. However, mortality rates from bacterial infections have
been lowered by ameliorated sanitation, vaccines, and antibiotics4.
As strategies to curb bacterial infections in humans progressed,
fungi became one of the most hazardous pathogens. Yeasts and
moulds are now among the top ten pathogens frequently isolated
from patients in intensive care units1,5.

On the other hand, the multidrug resistance (MDR) within bac-
teria and fungi is an alarming microbial threat and induces a
major global public health concern6. A wide variety of mecha-
nisms may lead to the emergence of bacterial resistance, including
resistance genes acquisition via mutations and horizontal gene
transfer7. Besides, antibiotics overuse and misuse without suitable
medical guidance speed up the expansion and emergence of mul-
tidrug-resistant bacteria8–10. By 2050, it is estimated that the death
toll nears 10 million per year by drug-resistant infections if there
are no new steps to be taken11. Many bacterial strains have devel-
oped advanced mechanisms, which permit them to survive and
eliminate antibiotic effects. As a result, some isolated strains of
Staphylococcus aureus (S. aureus) have evolved intrinsic resistance
to many antibiotics, such as b-lactams, aminoglycosides, glycopep-
tides, and fluoroquinolones7. Resistance revealed by some

Acinetobacter baumannii species to some currently available antibi-
otics is may be attributed to their capability to adjust and pro-
mote multiple resistance strategies, such as antibiotics b-lactam
rings hydrolysis, antibiotics entry reduction into bacteria target
sites, and bacterial targets change by mutations12,13. Besides,
Pseudomonas aeruginosa (P. aeruginosa) may show high resistance
to some antibiotics through its ability to stay in aggregates form-
ing biofilms14. Steps for antibiotic resistance are depicted in
Figure 1.

Although bacterial antibiotic resistance is a well-known public
health concern, fungal resistance revealed by fungal infections is
arising issue as well11. Hence, the development of some new mol-
ecules with enhanced bioactivity has become an urgent require-
ment6,15. Thereby, molecular hybridisation has come out as one of
the best strategies to synthesise new efficient lead compounds
with new action modes improving their biological activity16.
Molecular hybridisation relies on gathering two or more investi-
gated bioactive pharmacophores into a single hybrid molecule
with enhanced efficacy and affinity compared to the parent com-
pounds. So, different targets may be affected by a single mol-
ecule6,17–19. Additionally, to overcome microbial resistance,
existing drugs modification appears to be one of the preferred
approaches so far. Thus, most compounds under clinical investiga-
tion are refined versions of already approved drugs20,21.

Moreover, to maintain cellular homeostasis, the exogenous
toxic compounds extrusion is primary for all life kinds. This extru-
sion process is fulfilled via transporters (efflux pumps) that can
export xenobiotics22. Based on amino acid composition similarity
and energy source, six families of these multidrug transporters
have been unveiled22,23. Antibiotics and other xenobiotics can be
extruded from the cytoplasm or surrounding membranes of cells
to the external environment via efflux pumps, which are protein-
aceous transporters. These efflux pumps are revealed in all

Figure 1. A diagrammatic representation revealing the steps of antibiotic resistance.
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microorganisms, including gram-positive and gram-negative bac-
teria24. Recently, efflux pumps have attained considerable atten-
tion and appeared as a pivotal resistance determinant owing to
their prevalent distribution among different bacterial species,
which is an alarming threat to antibiotics therapy23,24. Out of
these transporter families, the multidrug and toxic compound
extrusion (MATE) family was identified as one of the important
factors responsible for bacterial resistance22–25. MATE was recog-
nised at first as the main cause of Vibrio parahaemolyticus multi-
drug resistance. Besides, MATE is reportedly in charge of S. aureus
multidrug resistance, which is the main cause of hospital infec-
tions. Thereby, MATE has acquired significant attention22.

Furthermore, the literature review looking over antimicrobial
agents revealed that benzohydrazide derivatives were recently
designed and synthesised with promising antibacterial and anti-
fungal activities26–30. So, in this regard, we synthesised a series of
novel 3,4-dimethoxybenzo- hydrazide derivatives having the same
pharmacophoric features of MATE inhibitors as depicted in
Scheme 1 revealing their potential as antimicrobial agents with
considerable inhibitory effects overcoming possible bacterial
resistance. The newly synthesised compounds were looked deeply
into their efficacy using in silico, in vitro, and in vivo approaches.

On the other hand, the cytotoxicity assay was performed for the
tested compounds using a normal mammalian Vero cell line by
the MTT assay31,32.

1.1. The rationale work design

Supported by the previously mentioned facts, we designed and
synthesised a novel series of N’-benzylidene-3,4-dimethoxybenzo-
hydrazide derivatives to act as promising antimicrobial candidates
targeting the multidrug efflux pump (MATE) based on the
structural similarity between the designed compounds and the
co-crystallized native inhibitor (verapamil) of the target protein
(Figure 2).

Notably, the co-crystallized inhibitor of the MATE target protein
was found to get stabilised inside its binding pocket through
three crucial pharmacophoric features;

a. A 3,4-dimethoxyphenyl moiety is to be inserted inside the
largest hydrophobic region of the receptor pocket.

b. A linker region containing both an H-bond donor and
acceptor to form H-bonds with Met64 and Met67 amino
acids for better fitting.

Scheme 1. Synthesis of the target compounds (4a–4j).
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c. A second 3,4-dimethoxyphenyl moiety is to be inserted inside
the second hydrophobic region of the receptor.

Herein, the structural modifications based on the above dis-
cussed pharmacophoric features depended on the presence of a
3,4-dimethoxyphenyl moiety to be inserted similarly inside the
largest hydrophobic pocket of the receptor as previously
described. In addition, a linker region was designed as a keto
hydrazide moiety to act as an H-bond donor and/or acceptor in
the region of the receptor pocket similar to that of the co-crystal-
lized inhibitor. Besides, the second 3,4-dimethoxyphenyl moiety
was replaced by different aromatic or heteroaromatic moieties
(benzene, indole, or quinoline) substituted with different electron-
donating and/or withdrawing groups hoping to get new com-
pounds with better fitting inside the aforementioned second
hydrophobic region of the receptor pocket (Figure 2).

Notably, the previously discussed structural modifications were
appointed for adequate structure-antimicrobial activity relation-
ship (SAR) studying the effect of such variations on both the spec-
trum and the degree of antimicrobial activities.

2. Results and discussion

2.1. Chemistry

Targeted N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives
were synthesised via a three-step reaction outlined in Scheme 1.
The reaction series first involved the esterification of 3,4-dimethox-
ybenzoic acid 1 with sulphuric acid and methanol, which affords

the corresponding methyl ester derivative 2. Hydrazinolysis of the
formed ester 2 with hydrazine hydrate in ethanol afforded the
hydrazide derivative 3. Condensation of hydrazide derivative 3
with different aromatic aldehydes furnished the corresponding
hydrazone derivatives (4a–j) with a good yield and high purity.
This method of preparation was in accordance with similar previ-
ously discussed methods32–35. The synthesised products were
characterised using IR, 1H NMR, 13C NMR, MS, and Elemental anal-
yses. All the spectral data were in accordance with the assumed
structures as depicted in the supplementary information (SI1).
Variation was introduced in the molecules at the hydrazide by
varying the aromatic aldehydes used to form the benzylidene
moiety. Ten different aldehydes were used in the synthetic
methodology.

First regarding (E)-N’-(4-aminobenzylidene)-3,4-dimethoxy- ben-
zohydrazide (4a) the yield of the product is good (83%), after puri-
fication by recrystallization. Its IR spectrum displayed a
characteristic band for amino groups at 3370 cm�1 and amidic car-
bonyl group at 1660 cm�1. Its 1H NMR spectrum explained the
presence of two methoxy groups at d 3.37, 3.45 ppm integrating
for 6 protons. The protons of the amino group were observed at
d 5.45 ppm which was exchanged by D2O. Additionally, the

1H
NMR spectrum of 4c showed one singlet signal at 2.02 ppm due
to CH3 protons, whereas the singlet signal for the proton of
CH¼N at d 8.56 ppm. Moreover, the 13C NMR spectrum of (E)-N’-
(2,4,6-trimethylbenzylidene)-3,4-dimethoxybenzohydrazide (4d)
showed the presence of 18 different carbons. The signal for one
carbonyl at d 162.75 ppm, signals for methoxy carbons at d 56.12,
56.22 ppm, and signals for methyl carbons at d 29.80, 31.73 ppm

Figure 2. Schematic representation describing the design of N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives as promising antimicrobial candidates targeting
the multidrug efflux pump (MATE).
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in addition to aromatic carbons. The mass spectrum of 4f exhib-
ited a molecular ion peak at m/z¼ 369 (Mþ., 18.32%), 371 (M þ 2,
6.13%), and 373 (M þ 4, 18.33%) corresponding to the molecular
formula C16H14Cl2N2O4. Almost similar patterns were noticed in
the 1H NMR and 13C NMR spectra of all the newly synthesised
compounds of this series.

2.2. Biological evaluation

2.2.1. In vitro antibacterial and antifungal activity testing
2.2.1.1. Agar well diffusion assay. The agar well diffusion assay
was first done to evaluate the antimicrobial activities of the differ-
ent target compounds (4a–j) against gram-positive bacteria, gram-
negative bacteria, and fungi (Table 1A). The zones of inhibition
were measured in cm and the obtained results indicated that the
synthesised compounds exhibited both antibacterial and antifun-
gal activities against the tested microorganisms. First, the antibac-
terial activities were tested against S. aureus ATCC 6538,
Acientobacter (A. baumanii) ATCC 19606, S. typhi, E. coli, and P. aer-
uginosa as examples of the most common gram-positive and
gram-negative bacteria, in comparison to vancomycin and ceftriax-
one as two reference standards. In addition, the antifungal

activities were screened against C. albicans, in comparison to
amphotericin as a reference standard. Interestingly, compound 4h
with an indolyl side chain showed the best and broadest inhibi-
tory activities against both the tested bacteria and fungi as well. It
achieved the best activities, especially against S. aureus, S. typhi,
and P. aeruginosa. On the other hand, compound 4i with a quino-
linyl side-chain achieved the most inhibitory activity against A.
baumanii exceeding that of ceftriaxone itself with superior inhibi-
tory activity against E. coli as well. Moreover, compound 4a with
p-amino phenyl side chain exhibited the best antifungal activity
against C. albicans (Table 1A). The antibacterial activities of some
tested compounds (4a, 4b, 4h, and 4e) against gram-positive and
gram-negative bacteria by agar well diffusion assay are repre-
sented in the supplementary data (Figure SI1).

2.2.1.2. Minimal inhibitory concentration (MIC). The minimal
inhibitory concentration (MIC) of each tested compound was eval-
uated to identify the minimum concentration required to inhibit E.
faecalis, A. baumanii ATCC 19606, Acientobacter sensitive, Aciento
MDR, P. aeruginosa, S. aureus, S. typhi, E. coli, and C. albicans
(Table 1B). It revealed that the investigated compounds displayed
diverse activities against the different microbial species. Notably,
compound 4a showed better MIC values (26.11mM) towards S.
aureus and C. albicans. However, compound 4b attained better
MIC values (23.28mM) against P. auriginosa, S. typhi, and E. coli.
Moreover, compound 4c displayed the best MIC value (22.89mM)
against P. auriginosa. Furthermore, compound 4d revealed better
MIC values (47.83mM) for S. aureus and E. coli. It is worth mention-
ing that compounds 4e and 4f disclosed promising MIC values
(17.13 and 21.22 mM, respectively) against Acientobacter sensitive
and so close to the MIC value of the control ceftriaxone
(14.08 mM). Notably, compound 4g revealed the best MIC value

Table 1. Agar well diffusion assay, MIC, and MBC for the target compounds (4a–4j) compared to vancomycin, ceftriaxone, and amphotericin B as reference standards
(1A, 1B, and 1C, respectively).
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(18.95 mM) against E. faecalis. Interestingly, compound 4h showed
a promising MIC value (12.07mM) against S. typhi and was better
than the MIC value of ceftriaxone (14.08mM). Besides, compound
4h revealed an outstanding MIC value (5.88 mM) against S. aureus
and so close to the MIC value of ceftriaxone (3.52 mM). Compound
4i showed better MIC values against A. baumanii ATCC 19606, E.
coli, and C. albicans at concentrations 11.64, 23.30, and 23.30 mM,
respectively. Finally, compound 4j disclosed a better MIC value
(16.68 mM) against E. faecalis and A. baumanii ATCC 19606.

2.2.1.3. Minimal bactericidal concentration (MBC). After determin-
ing the MIC for the target compounds, the minimal bactericidal
concentration (MBC) for each compound that is required to kill
each one of the above-mentioned microorganisms was assessed.
The obtained MBC values for the tested compounds revealed the
following interesting results (Table 1C):

Compound 4a showed the best MBC values (104.60mM)
against E. faecalis, Aciento sensitive, P. Auriginosa, S. aureus, S. typhi,
E. coli, and C. albicans. Interestingly, compound 4a disclosed bet-
ter MBC values against Aciento sensitive and S. typhi than ceftriax-
one. Moreover, compound 4b revealed the best MBC value
(95.39 mM) for P. Auriginosa and S. typhi better than MBC values of
ceftriaxone (225.4mM). In addition, compound 4c showed a better
MBC value (91.75mM) against E. faecalis and S. aureus, whereas,
compound 4d disclosed a better MBC value (191.60 mM) against E.
faecalis, S. aureus, S. typhi, and E. coli. It is worth mentioning that
compound 4e attained a better MBC value (68.65mM) towards
Aciento sensitive and E. coli. Interestingly, compound 4e revealed a
better MBC value against E. coli than ceftriaxone (112.70mM).
Additionally, compound 4f displayed the best MBC value
(85.05 mM) against Aciento sensitive and better than ceftriaxone
(112.70mM), whereas, compound 4g showed a better MBC value
(75.93 mM) against E. faecalis, Aciento sensitive, and S. typhi.
Moreover, compound 4g attained better MBC values against
Aciento sensitive and S. typhi than ceftriaxone. Besides, compound
4h disclosed a better MBC value (96.87mM) against Aciento sensi-
tive, S. aureus, and E. coli. Also, compound 4h attained better MBC
values against Aciento sensitive than ceftriaxone (112.70mM). In
addition, compound 4i displayed better MBC values (186.50mM)
against A. baumanii, S. aureus, S. typhi, E. coli, and C. albicans.

Finally, compound 4j showed the best MBC value (33.31mM)
against E. faecalis. It is worth also mentioning that compound 4j
attained a better MBC value (66.84mM) against A. baumanii,
Aciento sensitive, and S. typhi than ceftriaxone (112.70mM).

2.2.1.4. Determination of sample cytotoxicity on cells using MTT
assay. Moreover, the cytotoxicity values of the target compounds
were determined to calculate their corresponding IC50 values
through the MTT assay. The IC50 value indicates the compound’s
concentration that is required to inhibit 50% of the target cells. It
was observed that both compounds 4a and 4i showed the lowest
IC50 values (406.8 and 304.7 mM, respectively). However, com-
pound 4f exhibited the highest IC50 value (2164.4mM) as depicted
in Table 1D.

2.2.2. In vivo testing
2.2.2.1. Biochemical analysis. As shown in Table 2A, rats infected
with S. aureus had severe deterioration in renal and liver functions
(significant elevation of urea, creatinine, ALT, and AST) as well as
marked oxidative stress (significant disturbance in GSH and MDA)
and inflammatory marker changes (significant elevation of TNF-a
and depression of IL-10). Fortunately, rats treated with 4h com-
pound showed significant improvement in all the measured
parameters. However, neither the first dose nor the second dose
could return any of the parameters to normal.

Moreover, as indicated in Table 2B, it was revealed that rats
infected with S. typhi exhibited a manifested reduction in renal
and liver functions (significant elevation of urea, creatinine, ALT,
and AST) beside marked oxidative stress (significant decrease in
GSH and elevation of MDA) as well as changes in the inflamma-
tory markers (significant elevation of TNF-a and depression of IL-
10). However, the first dose of the 4h drug succeeded to make a
significant improvement in all measured parameters, but none of
them could be returned to normal. Obviously, rats treated with
the second dose of 4h or 4i compounds (first and second doses)
showed marvellous amelioration in all parameters up to returning
of urea, creatinine, AST, and TNF-a to normal levels (if treated
with 4h second dose), normalisation of urea, ALT, and AST (if
treated with the 4i first dose) as well as returning of urea,

Table 2. (A) Effect of compound 4h on the improvement of both renal and liver parameters in S. aureus-infected rats and (B) Effect of compounds 4h and 4i on
the improvement of both renal and liver parameters in S. typhi infected rats (p values ˂ 0.05).
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creatinine, ALT, and AST (if treated with the 4i second dose) to
normal levels.

This study is a trial to confirm the safety and clinical efficacy of
N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives in a rat
model of infection. The current research provides novel findings
and sheds light on the possible antioxidant and immunomodula-
tory effects of the most promising two candidate compounds (4h
or 4i) in this experimental model of bacterial infection.

The current work revealed that the rats infected with S. aureus
or S. typhi exhibited a significant increase in lipid peroxidation
radicle byproduct (i.e. evaluated by serum malondialdehyde) ver-
sus a marked decrement in “master antioxidant”, serum GSH. In
addition, altered host immunity was reported by a marked incre-
ment in the pro-inflammatory cytokines (TNF-a) versus a signifi-
cant decrease in IL-10 (i.e. anti-inflammatory cytokine). In addition,
there was significant organ deterioration of both liver function
(i.e. elevated serum ALT and AST) and kidney function (i.e.
increased serum levels of urea and creatinine), which might be
because of free-radical-mediated membrane damage. In addition,
the chemical analysis of the current study demonstrates that 4i
and the second dose of 4h (as combination therapy) are more
effective in treating S. typhi infection, while both doses of 4h com-
pound produce smaller improvement in S. aureus-infected rats.

Interestingly, in comparison to positive control infected groups,
we observed that treatment of infected rats with N’-benzylidene-
3,4-dimethoxybenzohydrazide derivatives (4h or 4i) restored the

redox balance, as indicated by a decreased serum level of MDA
versus an increase in antioxidant serum GSH. In addition to the
immunomodulatory effect of treatment was proved by the reduc-
tion of TNF-a versus an increase in serum IL-10. Moreover, restor-
ation of organs (i.e. liver and kidney) function was noticed by a
decrease in the level of liver enzymes (ALT and AST) and serum
urea and creatinine were also decreased. This could be attributed
to the restoration of oxidant/antioxidant balance, which might be
because of its free-radical-scavenging ability. These results were
consistent with the previous studies by Wang et al.36.

The ameliorative impact of the N’-benzylidene-3,4-dimethoxy-
benzohydrazide derivatives (4h or 4i) against the abovementioned
pathogenesis of infection could be attributed to the ability of
such derivatives to counteract oxidative stress and boost immun-
ity, and therefore a safeguard against organ misfunction can
be attained.

2.2.2.2. Histological examination of the liver and kidney. 2.2.2.2.1.
General histological examination. Examination of H & E liver sec-
tions from control groups (Gs 1, 2, and 3) demonstrated a normal
histological structure of the portal area enclosing the portal vein,
the hepatic artery, and the bile duct. The hepatocytes were organ-
ised in regular cords separated by the hepatic sinusoids, Figures 3
and 4(A).

Sections from 4h treated groups (Gs 4 and 5) and 4i treated
groups (Gs 6 and 7), Figures 3 and 4(B and C) showed a normal

Figure 3. Photomicrographs of liver sections represented the impact of ‘4h’ drug in all inspected groups: (A) Histologic liver section from negative G1 displayed nor-
mal portal area (PA); portal vein (PV), hepatic artery (HA), and bile duct (BD) plus hepatic cords (HC). Liver sections from G2 (B) and G3 (C) exposed typical hepatic
structures like G1. (D) Histological liver section from S. aureus infected G6 suffered hepatocytes with karyorrhexis (KR), karyolysis (KY), cytoplasmic vacuolation (V),
aggregated inflammatory cells (IN), and congested blood vessels (CN). (E) Sections from G7 established partial parts with karyorrhexis (KR), karyolysis (KY) in addition
some inflammatory cells (IN). (F) Sections from G8 were noticed with better tissue and a rare nucleus with karyorrhexis (KR) and karyolysis (KY). (G) Histological liver
section from S. typhi infected G9 revealed karyorrhexis (KR) and karyolysis (KY) of hepatic cells besides inflammatory cells (IN) and congested blood vessels (CN). (H)
Sections from G10 specified some karyolitic cells (KY) along with a few inflammatory cells (IN). (I) Sections from G11 highlighted with few inflammatory cells (IN). (H&E
staining, 400x Magnification, Scale bar ¼ 50lm).
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histological structure similar to those of the control groups,
Figures 3 and 4(A). However, liver sections from S. aureus and S.
typhi infected groups (Gs 8 and 11, respectively) showed marked
pathological changes as cytoplasmic vacuolation and nuclear
changes in the form of karyorrhexis and karyolysis of the hepato-
cytes. Distorted hepatic cords, dilated hepatic sinusoids, marked
inflammatory cells aggregation around portal areas, and con-
gested portal vein was also noticed, Figures 3(D and G) and 4D.

Notably, the liver of S. aureus and S. typhi infected groups
treated with 4h low dose (Gs 9 and 12, respectively), Figure 3(E
and H) and S. typhi infected group treated with 4i low dose (G14),
Figure 4E showed improved pathological changes. However, some
inflammatory cells around the portal areas were still present with
nuclear changes in some hepatocytes. The S. aureus and S. typhi
infected groups treated with 4h high dose (Gs 10 and 13), and S.
typhi infected group treated with 4i high dose (G15) showed
marked improvement in the pathological changes with few
inflammatory cells, Figures 3(F and I) and 4F.

On the other hand, the examination of H&E kidney sections of
control groups (Gs 1, 2, and 3) demonstrated a normal histological
structure of the renal corpuscles, proximal convoluted tubules
(PCTs), and distal convoluted tubules (DCTs), Figures 5 and 6(A).

Kidney sections from 4h low dose treated group (G4), 4h high
dose treated group (G5), 4i low dose treated group (G6), and 4i
high dose treated group (G7), Figures 5 and 6(B and C) had a
histological structure similar to those of the control groups,
Figures 5 and 6(A). On the contrary, S. aureus and S. typhi infected
groups (Gs 8 and 11, respectively) displayed pathological changes
in the form of shrunken glomeruli with dilated Bowmans0 spaces
of the renal corpuscles and thinning of the renal tubules. The epi-
thelial cells lining the renal tubules showed vacuolation and
nuclear changes in the form of pyknosis, karyorrhexis, and karyoly-
sis. Congested blood vessels with interstitial haemorrhage and
inflammatory cells infiltrations were noticed, Figures 5(D and G)
and 6D.

Interestingly, the kidneys of S. aureus and S. typhi infected
groups treated with 4h low dose (Gs 9 and 12, respectively),
Figures 5(E and H) and S. typhi infected group treated with 4i low
dose (G14), Figure 6E showed improved pathological changes.
However, some renal corpuscles had dilation of the Bowman’s
spaces and some lining epithelial cells had vacuolated cytoplasm
and pyknotic nuclei. The S. aureus and S. typhi infected groups
treated with 4h high dose (Gs 10 and 13) and S. typhi infected
group treated with 4i high dose (G15) showed marked improved
renal tissue, Figures 5(F and I) and 6F.

2.2.2.2.2. Immunohistochemical results. In this experiment, the anti-
caspase 3 reaction of all groups in the liver and the kidney was
represented in Figures SI2, SI3, SI4, and SI5 and Table 3. Negative
reactions were detected in the control groups (Gs 1, 2, and 3), 4h
(Gs 4 and 5) and 4i treated groups (Gs 6 and 7) as shown in
Figures SI2, SI3, SI4, and SI5, (A, B, and C, respectively). The
infected groups (Gs 8 and 11), Figures SI2, SI3, SI4, and SI5, (D
and G) had a high positive reaction in comparison to the control
groups (Gs 1, 2, and 3), Figures SI2, SI3, SI4, and SI5, (A). Besides,
the infected groups injected with the 1st doses of the 4h (Gs 9
and 12) and 4i compounds (G14), Figures SI2, SI3, SI4, and SI5, (E
and H) and 2nd doses (Gs 10,13, and 15), Figures SI2, SI3, SI4, and
SI5, (F and I) had positive reaction less than the infected groups
(Gs 8 and 11), Figures SI2, SI3, SI4, and SI5, (D and G). In addition,
the groups administered the 2nd doses (Gs 10, 13, and 15), Figures
SI2, SI3, SI4, and SI5, (F and I) had positive reactions lower than
the 1st doses (Gs 9, 12, and 14), Figures SI2, SI3, SI4, and SI5, (E
and H).

The immunohistochemical results of the NFKB2 reaction of all
groups in the liver and kidney were represented by Figures SI6,
SI7, SI8, and SI9 and Table 3. The control groups (Gs 1, 2, and 3),
4h (Gs 4 and 5), and 4i treated groups (Gs 6 and 7), Figures SI6,
SI7, SI8, and SI9, (A, B, and C, respectively) showed negative reac-
tions. A strong reaction was noticed in the infected groups (Gs 8

Figure 4. Photomicrographs of histological liver sections showed the validity of drug ‘4i’ in all tested groups: (A) Liver section from G1 demonstrated typical portal
area (PA) enclosing portal vein (PV), hepatic artery (HA), and bile duct (BD). Notice hepatocyte (H) organised in cords. Histological liver sections from G4 (B) and G5 (C)
displayed a picture looking like G1. (D) Liver section from G9 marked disarranged hepatic cords (CO), nuclear changes; karyorrhexis (KR) and karyolysis (KY), dilated
sinusoids (S), aggregated inflammatory cells (IN) and fibres (Fi), in addition, congested blood vessel (CN). (E) Sections from liver-treated G12 restored better architecture
except few hepatocytes seemed with karyorrhexis (KR) or pyknotic (P) nucleus. Notice inflammatory cells (IN). (F) Liver sections from G13 pointed only to mild inflam-
matory cells (IN). (H&E staining, 400x Magnification, Scale bar ¼ 50lm).
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Figure 5. Photomicrographs of kidney sections demonstrated the outcome of ‘4h’ drug in all examined groups: (A) Histologic kidney section G1 showed normal glom-
erulus (G), proximal convoluted tubules (PCT), and distal convoluted tubules (DCT). Kidney sections from G2 (B) and G3 (C) revealed photographs similar to G1. (D)
Histological kidney section from infected group G6 displayed cytoplasmic and nuclear changes in the glomerulus (G) and renal tubules constituents (CO); karyorrhexis
(KR), karyolysis (KY), cytoplasmic vacuolation (V), aggregated inflammatory cells (IN), and congested blood vessels (CN). (E) Sections from G7 posed limited cells with
pyknosis (P) and karyolysis (KY), besides some inflammatory cells (IN). (F) Sections from G8 were marked with few inflammatory cells (IN) and renal tubule cells with
karyorrhexis (KR). (G) Histological kidney section from salmonella infected group (G9) exhibited disruption in renal tubule constituents (CO) with pyknosis (P), karyor-
rhexis (KR), karyolysis (KY), infiltration of inflammatory cells (IN), and congested blood vessels (CN). (H) Sections from G10 developed few disturbances in renal tubule
constituents (CO); karyolysis (KY) as well a few inflammatory cells (IN). (I) Sections from G11 highlighted scarce areas of karyolysis (KY) and inflammatory cells (IN).
(H&E staining, 400x Magnification, Scale bar ¼ 50lm).

Figure 6. Photomicrographs of histological kidney sections presented the effect of drug ‘4i’ in all tested groups: (A) Kidney section from G1 showed normal glomerulus
(G), bowman’s capsule (B), proximal convoluted tubules (PCT), and distal convoluted tubules (DCT). Kidney sections from G4 (B) and G5 (C) displayed a picture resem-
bling G1. (D) Histological kidney cells from G9 exhibited a nucleus with pyknosis (P), karyorrhexis (KR), and karyolysis (KY). Notice cytoplasmic vacuolations (V), conges-
tion (CN), and inflammatory cells infiltrations (IN). (E) Sections from G12 presented specified cells of pyknotic (P) and karyolitic (KY) nucleus besides a few inflammatory
cells (IN). (F) Sections from G13 existed nearly like the normal glomerulus (G) and distal convoluted tubules (DCT). karyorrhexis (KR) was noticed lining a few cells in
proximal convoluted tubules. (H&E staining, 400x Magnification, Scale bar ¼ 50lm).
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and 11), Figures SI6, SI7, SI8, and SI9, (E and H). The reaction
decreased in (Gs 9, 10, 12 to 15) but in (Gs 10, 13, and 15),
Figures SI6, SI7, SI8, and SI9, (F and I) it was less than the others.

2.2.2.2.3. Evaluation of immunohistochemical results "Area
Percentage" (Specific area/Antibody). Caspase 3 and NFKB2 immu-
nostaining were measured as area % in a standard measuring
frame in representative five fields for each subject (liver and kid-
neys) in all groups using 100x magnification via light microscopy
transferred to the screen. Graphs represent the area percentage of
caspase 3 and NFKB2 in liver and kidney of 4h and 4i treated
groups, respectively, were supplied in the supplementary informa-
tion (SI2).

Based on the above, we can conclude that N’-benzylidene-3,4-
dimethoxybenzohydrazide candidates (4h and 4i) are safe for the
liver and kidney of adult male albino rats and had a promising
efficacy as antimicrobial and anti-inflammatory compounds in spe-
cific doses. Further studies are needed to find out the exact mech-
anism of action of N’-benzylidene-3,4-dimethoxybenzohydrazide
derivatives (4h and 4i) as antimicrobial and/or anti-inflammatory
as well.

2.3. In silico studies results

2.3.1. Docking studies
Docking studies of the newly designed and synthesised N’-benzyli-
dene-3,4-dimethoxybenzohydrazide derivatives were performed
using the MOE 2019.0102 drug design software37–39 to propose
their mechanism of action as promising antimicrobial candidates
targeting the multidrug efflux pump (MATE). Targeting the MATE
based on the ligand-based design of the target compounds rela-
tive to the co-crystallized native inhibitor (verapamil) of the target
protein. Besides, the co-crystallized inhibitor (verapamil, 4YH) of
the target protein (MATE) was inserted into the same database as
a reference standard.

It is worth mentioning that a validation step was carried out at
the beginning of the applied MOE program by redocking the co-
crystallized ligand within its binding pocket. The valid perform-
ance was approved by the low RMSD value (RMSD ¼ 1.35) and
the symmetrical superimposition in orientation between both the
native (red) and redocked (green) co-crystallized poses40–42, Figure
7. The binding modes for compounds (4a, 4h, and 4i) as the most
promising members according to their biological findings, besides
the docked 4YH inhibitor were studied further as depicted in
Table 4.

Notably, the docked 4YH inhibitor occupied the deep tube-like
longitudinal pocket of the MATE receptor with approximately a
similar binding mode compared to that of the co-crystallized
native one, where its trimethoxyphenyl moiety occupied the larg-
est hydrophobic region of the receptor pocket as discussed above.
Besides its linker region which formed three H-bonds with
Asn157, Met64, and Met67 amino acids at 3.06, 3.50, and 4.17 Å,
respectively, and another H-pi bond with Phe154 amino acid at
3.93 Å as well (Table 4). Moreover, its binding score and RMSD val-
ues were found to be �9.00 kcal/mol and 1.63, respectively.

On the other hand, the binding score of compound 4a was
recorded as �6.67 kcal/mol with an RMSD value of 0.88. Its dime-
thoxyphenyl moiety occupied the largest hydrophobic region with
the formation of two H-bonds with Met64, and Met67 amino acids
at 3.65 and 4.18 Å, respectively. In addition, its linker part formed
two H-bonds with Met33 amino acid at 3.87 and 4.09Å, respect-
ively. However, the compound 4h binding score was �6.65 kcal/
mol, and it’s RMSD ¼ 1.48. Its dimethoxyphenyl moiety formed aTa
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pi-H bond with Phe150 amino acid at 4.30 Å and its linker region
formed an H-bond with Met67 amino acid at 3.81 Å. Furthermore,
compound 4i achieved a binding score of �7.07Å and an RMSD
value of 1.89. Its great stability inside the MATE binding pocket
was indicated by the superior binding score noticed besides the
formation of three H-bonds, one with Met63 and two with Met67
at 3.64, 3.90, and 4.27Å, respectively. Also, an extra pi bond was
formed between its dimethoxyphenyl moiety and Phe150 at
4.14 Å, Table 4.

Based on the aforementioned results we can conclude the
promising binding affinities of the newly designed compounds as
MATE inhibitors, which may further propose it as an expected
mechanism of action for their antimicrobial activities.

2.3.2. Physicochemical, ADMET, and pharmacokinetic proper-
ties prediction
The physicochemical characteristics calculations and pharmacoki-
netic properties for the synthesised N’-benzylidene-3,4-dimethoxy-
benzohydrazide derivatives were anticipated using the SwissADME
online web tool as depicted in Table 5. Regarding their physico-
chemical properties, except for compound 4j, all of the synthes-
ised derivatives have the advantage of being either soluble or
moderately soluble in water, and thus fewer issues may be experi-
enced during drug formulations and it is recommended that any
drug be absorbed has to be found in solution form at the absorp-
tion site43. Besides, concerning their ADME properties, except for
compound 4j, all of the synthesised derivatives attain high GIT
absorption. This advantage may be assigned to their eligible lipo-
philicity. Therefore, they may probably have elegant bioavailabil-
ities upon oral administration. Although compound 4j may
encounter high lipophilicity, it reveals poor GIT absorption, and
that is likely owing to its high molecular weight44,45. Obviously,
the synthesised compounds 4b,d,h,i may pass the blood-brain
barrier, thereby these synthesised compounds may be employed
for the management of CNS microbial infections46. Fortunately,
not all the synthesised compounds are a substrate for P-glycopro-
tein (Pgp-), so they are not amenable to the efflux mechanism
used by this transporter. Besides, it is worth mentioning that

compounds 4a,c,j do not exhibit any inhibition for the common
hepatic metabolising enzymes (CYP 1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4). Furthermore, all of the synthesised deriva-
tives do not contravene Lipinski’s rule47, hence their utility as
good drug candidates get assurance. Besides, compounds 4a,h,i
may be utilised as lead compounds for further optimizations after-
ward. Furthermore, the toxicity of the newly synthesised com-
pounds has been anticipated using the pkCSM descriptors
algorithm protocol. It was revealed that, except for compound 4i,
all other synthesised compounds do not manifest Ames toxicity,
thus they are not mutagenic48. Additionally, all of the synthesised
compounds have the same advantage of being non-inhibitors of
hERG I, so, they do not show the cardiotoxic effect on the elec-
trical activity of the human heart49. However, compounds 4e,f,h,i,j
may be considered as hERG II inhibitors, hence the threat of car-
diac arrhythmia may be encountered50. Obviously, compounds
4a,b,e,f are non-hepatotoxic. Last but not the least, compounds
4e,f show eligible tolerability owing to their in silico oral rat
chronic toxicity lower values.

2.4. Structure- antimicrobial activity relationship (SAR) studies

Herein, we aimed to study the structure-antimicrobial activity relation-
ship of the newly synthesised N’-benzylidene-3,4-dimethoxybenzohy-
drazide derivatives based on MIC average values51,52 as represented
in the supplementary data (Table SI1). Thereby, the changes in their
antimicrobial potential and spectrum upon structural modifications
could be unveiled, thus offering clues for structural changes that are
capable of increasing the antimicrobial potential.

So, as depicted in Figure 8, analysing the structure-antimicro-
bial activity relationship of the newly designed and synthesised
N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives regarding
their antimicrobial potential gives us the following interest-
ing outcomes:

First, 3,4-dimethoxybenzohydrazide scaffold was revealed to be
essential for exerting reliable antimicrobial activity. It is worth
mentioning that the substitution of 3,4-dimethoxybenzohydrazide
by aniline derivative (compound 4a) attained high antimicrobial
activity. However, it was revealed that with acylation of the –NH2

Figure 7. 2D and 3D representations for the redocked co-crystallized 4YH antagonist inside the MATE receptor pocket.
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Table 4. 2D and 3D interactions for the most promising compounds (4a, 4h, and 4i) together with the docked 4YH inhibitor inside the binding pocket of the
MATE receptor.

(continued)
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of aniline moiety (compound 4a) by acetyl moiety (compound 4c),
a notable decrease in the activity with moderate antimicrobial
potential was attained. Besides, it was revealed that substitution
of 3,4-dimethoxybenzohydrazide by a bulky p-alkoxy phenyl moi-
ety (compound 4j), disclosed moderate antimicrobial activity.
Furthermore, it was revealed that substitution by 2,3,5 tri-substi-
tuted phenyl ring (compounds 4e, 4f, and 4g) displayed a moder-
ate antimicrobial activity. Surprisingly, it was shown that with
substitution of 3,4-dimethoxybenzohydrazide by benzoheteroaro-
matic ring (indole or quinolone) (compounds 4h and 4i), a
remarkable decrease in the activity with weaker antimicrobial
potential was attained. Finally, it was shown that the substitution
of 3,4-dimethoxybenzohydrazide by a small p-alkoxy phenyl moi-
ety (compound 4b) or 2,4,6 tri-substituted phenyl ring (compound
4d), displayed the weakest antimicrobial activity. These interesting
findings can afford useful information for future work.

Moreover, based on the fact that a multiple linear regression
model can be used to estimate the relationship between two or
more independent variables (such as docking score and predicted
Log P) and one dependent variable (average MIC values) 53. So, a
correlation between predicted log p values and docking scores
with MIC values (expressed in micro-molar units) using a simple
multiple linear regression model was constructed as depicted in
the supplementary data (Table SI2). It was estimated that R2 was
0.063. So, we can say that approximately 6.3% of the variability of
MIC values can be explained by the entire set of the independent
predicted Log P and docking scores.

3. Conclusion

The multidrug resistance (MDR) within bacteria and fungi arouses
researchers and scientists to take leaps toward developing new effi-
cient antimicrobial agents that are capable of conquering such
microbial resistance. Herein, ten novel N’-benzylidene-3,4-dimethox-
ybenzohydrazide derivatives (4a–j) were designed and synthesised
targeting the multidrug efflux pump (MATE). Targeting the MATE
based on the ligand-based design of the target candidates relative
to the co-crystallized native inhibitor (verapamil) of the target

protein. The antimicrobial activity of the newly synthesised com-
pounds in addition to reference controls was evaluated against vari-
able microbial species. Interestingly, Compounds 4a,h,i showed the
most promising antimicrobial activities among tested compounds
using the agar well diffusion assay. In addition, Compounds 4a and
4i showed the most relevant IC50 among tested compounds on
Vero cell lines using the MTT assay. Besides, most synthesised com-
pounds exhibited definitely feasible MIC and MBC values against
the investigated microbial species. Furthermore, both compounds
4h and 4i containing 1H-indol-3-yl and quinolin-2-yl side chains,
respectively, exhibited very promising antimicrobial and anti-inflam-
matory in vivo results using bio-chemical analysis and the liver and
kidney histological examination. Besides, the molecular docking
established assured the desirable interactions with the target pro-
tein (MATE). Additionally, the synthesised compounds can be struc-
turally modified to attain optimised antimicrobial activity in the
future. That was accomplished after shedding light on the struc-
ture-antimicrobial activity relationships (SAR). Last but not least, the
ADMET in silico studies emphasised the practical physicochemical
and pharmacokinetic properties, drug/lead likeness, and feasible
toxicity parameters of the synthesised compounds.

4. Materials and methods

4.1. Chemistry

4.1.1. General
All reagents and chemicals used were used without more purifica-
tion. The reported yields indicate purified products. Moreover,
thin-layer chromatography (TLC) Merck Silica Gel 60 F254 was
used to follow all reactions, and also it was visualised using a UV
lamp. Melting points were determined on a BUCHI melting point
M-565 apparatus. An FT-IT PerkinElmer Spectrum GX was used to
record the IR spectrum. A JOEL-ECA 600MHz was utilised to
record the NMR spectra in DMSO-d6 relative to the tetramethylsi-
lane at 600MHz for 1H and 150MHz for 13 C measurements and
Elemental analysis was performed by Microanalytical Department
at the National Centre for Chemical Technologies at King
Abdulaziz City for Science and Technology (Riyadh, Saudi Arabia).
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The chemical shifts were expressed in d-values (ppm) relative to
TMS. The coupling constants (J) were expressed in Hz. D2O was
added to confirm the exchangeable protons. The mass spectrum
was determined on a GCMS JEOL JMS-Q1050GC Ultra Quad GC/
MS (70 eV).

Methyl 3,4-dimethoxybenzoate (2) (50mmol) was refluxed after
mixing with hydrazine hydrate (40ml) in ethanol for 8 h to give us
3,4-dimethoxybenzohydrazide (3) as an intermediate step. Then,
compound (3) (1mmol) was further refluxed (6 h) with different
substituted aldehydes (1mmol) in ethanol/DMF to give us the
desired 3,4-dimethoxybenzohydrazones (4a–4j). The reaction pro-
ceeding was followed by TLC. Structures of all the newly synthes-
ised candidates were confirmed using different spectroscopic
techniques including IR, 1H NMR, 13C NMR, and MS.

N’-(4-aminobenzylidene)-3,4-dimethoxybenzohydrazide (4a). Off-
white powder; Yield: (83%); m.p.: 180–182 �C. IR: t/cm�1¼ 3370,
3279 (NH2, NH), 3014 (Ar-H), 2955, 2857 (aliph-H), 1660 (C¼O
amide), 1612 (C¼N). 1H NMR (600MHz) d/ppm¼ 3.37,3.45 (2 s,
6H, OCH3), 5.45 (s, 2H, NH2 exchangeable by D2O), 6.54 (d, 1H, Ar-
H, J¼ 6.5 Hz), 7.03 (d, 2H, Ar-H), 7.36–7.50 (m, 2H, Ar-H), 8.20 (d,
2H, Ar-H), 8.36 (s, 1H, CH¼N), 11.31 (s, 1H, NH exchangeable by
D2O).

13C NMR: 56.12, 56.22 (2 OCH3), 111.29, 114.09, 121.25,
122.00, 126.34, 129.11, 130.24, 148.55, 151.04, 152.43 (Ar-
CþC¼N), 160.28 (C¼O). Mass spectrum demonstrated a molecu-
lar ion peak at m/z: 299 (M1., 12.08%) with a base peak at m/z:
98. Anal. Calc. for C16H17N3O3 (299.33): C, 64.20; H, 5.72; N, 14.04.
Found: C, 64.19; H, 5.73; N, 13.99.

N’-(4-ethoxybenzylidene)-3,4-dimethoxybenzohydrazide (4 b). Grey
powder; Yield: (53%); m.p.: 171–173 �C. IR: t/cm�1¼ 3294 (NH),
3009 (Ar-H), 2990, 2946 (aliph-H), 1660 (C¼O amide), 1619
(C¼N). 1H NMR (600MHz) d/ppm¼ 1.30 (t, 3H, CH3), 3.79 (s, 6H,
OCH3), 4.05 (q, 2H, CH2), 6.96 (d, 1H, Ar-H, J¼ 7.2 Hz), 7.03 (d, 2H,
Ar-H), 7.44–7.61 (m, 2H, Ar-H), 8.20 (d, 2H, Ar-H), 8.35 (s, 1H,
CH¼N), 11.53 (s, 1H, NH exchangeable by D2O).

13C NMR: 15.08
(CH3), 56.16 (2 OCH3), 63.80 (CH2), 111.18, 111.68, 115.26, 121.44,
127.25, 118.14, 129.26, 131.39, 147.90, 148.83, 152.18 (Ar-

CþC¼N), 160.60 (C¼O). Mass spectrum demonstrated a molecu-
lar ion peak at m/z: 328 (M1., 15.08%) with a base peak at m/z:
56. Anal. Calc. for C18H20N2O4 (328.37): C, 65.84; H, 6.14; N, 8.53.
Found: C, 65.72; H, 6.36; N, 8.21.

N-(4-((2–(3,4-dimethoxybenzoyl)hydrazono)methyl)phenyl)aceta-
mide (4c). Creamy powder; Yield: (68%); m.p.: 155–157 �C. IR:
t/cm�1¼ 3369,3257 (2NH), 3013 (Ar-H), 2919, 2872 (aliph-H), 1658
(br-2 C¼O amide), 1612 (C¼N). 1H NMR (600MHz) d/ppm¼ 2.02
(s, 3H, CH3), 3.78 (s, 6H, OCH3), 6.99 (d, 1H, Ar-H, J¼ 6.9 Hz), 7.04
(d, 2H, Ar-H), 7.43–7.62 (m, 2H, Ar-H), 8.33 (d, 2H, Ar-H), 8.56 (s,
1H, CH¼N), 10.52, 10.93 (2 s, 2H, 2NH exchangeable by D2O).

13C
NMR: 24.50 (CH3), 56.16 (2 OCH3), 111.22, 119.42, 121.48, 125.81,
128.32, 129.54, 141.23, 147.68, 148.84, 149.10, 152.22 (Ar-
CþC¼N), 163.10, 169.26 (2 C¼O). Mass spectrum demonstrated
a molecular ion peak at m/z: 341 (M1., 10.08%) with a base peak
at m/z: 224. Anal. Calc. for C18H19N3O4 (341.37): C, 63.33; H, 5.61;
N, 12.31. Found: C, 63.34; H, 5.42; N, 12.52.

N’-(2,4,6-trimethylbenzylidene)-3,4-dimethoxybenzohydrazide (4d).
Off White solid; Yield: (89%); m.p.: 191–193 �C. IR: t/cm�1¼ 3220
(NH), 3047 (Ar-H), 2919, 2850 (aliph-H), 1652 (C¼O amide). 1H
NMR (600MHz) d/ppm ¼ 2.48, 2.56 (2 s, 9H, 3CH3), 3.80 (s, 6H,
2OCH3), 7.07 (s, 2H, Ar-H), 7.17 (d, 1H, Ar-H-5, J¼ 7.1 Hz), 7.38 (s,
1H, Ar-H), 7.46 (d, 1H, Ar-H-6, J¼ 7.8 Hz), 8.52 (s, 1H, CH¼N),
11.50 (s, 1H, NH exchangeable by D2O).

13C NMR: 29.80, 31.73 (3
CH3), 56.12, 56.22 (2 OCH3), 111.25, 111.62, 117.54, 121.64, 125.04,
126.02, 126.22, 136.09, 141.02, 148.95, 151.23, 152.52, 154.89 (Ar-
CþC¼N), 162.75 (C¼O). Mass spectrum demonstrated a molecu-
lar ion peak at m/z: 326 (M1., 27.06%) with a base peak at m/z:
44. Anal. Calc. for C19H22N2O3 (326.40) C, 69.92; H, 6.79; N, 8.58.
Found: C, 70.11; H, 6.80; N, 8.73.

N’-(3,5-dibromo-2-hydroxybenzylidene)-3,4-dimethoxybenzohydra-
zide (4e). Yellow crystal; Yield: (88%); m.p.: 206–208 �C. IR:
t/cm�1¼ 3403–3164 (br-OH&NH), 3083 (Ar-H), 2919, 2850 (aliph-
H), 1662 (C¼O amide), 1624 (C¼N). 1H NMR (600MHz) d/ppm¼

Figure 8. SAR of the newly investigated N’-benzylidene-3,4-dimethoxybenzohydrazide derivatives as potential antimicrobial inhibitors.
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3.79 (s, 6H, 2OCH3), 7.05, 7.20 (2 s, 2H, Ar-H), 7.45 (d, 1H, Ar-H-5,
J¼ 7.1 Hz), 7.54 (s, 1H, Ar-H),7.69 (d, 1H, Ar-H, J¼ 7.5 Hz), 8.45 (s,
1H, CH¼N), 10.02, 10.50 (2 s, 2H, NH & OH exchangeable by D2O).
13C NMR: 56.11, 56.21 (2 OCH3), 111.24, 111.58, 121.89, 121.50,
121.87, 121.89, 132.50, 136.01, 142.37, 147.05, 148.95, 152.74,
153.23, 156.68 (Ar-CþC¼N), 162.92 (C¼O). Mass spectrum dem-
onstrated a molecular ion peak at m/z: 458 (M1., 30.15%) 460 (M
1 2, 27.08%), 462 (M þ 4, 27.22%) with a base peak at m/z: 44.
Anal. Calc. for C16H14Br2N2O4 (458.11): C, 41.95; H, 3.08; N, 6.12.
Found: C, 42.01; H, 3.09; N, 6.34.

N’-(3,5-dichloro-2-hydroxybenzylidene)-3,4-dimethoxybenzohydra-
zide (4f). Bright brown powder; Yield: (72%); m.p.: 180–182 �C.
IR: t/cm�1¼ 3375, 3219 (OH&NH), 3027 (Ar-H), 2958, 2853 (aliph-
H), 1654 (C¼O amide), 1608 (C¼N). 1H NMR (600MHz) d/ppm¼
3.95, 3.97 (2 s, 6H, 2OCH3), 7.15,7.16 (2 s, 2H, Ar-H), 7.58–7.61 (m,
3H, Ar-H), 8.41 (s, 1H, CH¼N), 9.79, 10.50 (2 s, 2H, NH&OH
exchangeable by D2O).

13C NMR: 55.97, 56.04 (2 OCH3), 110.63,
114.81, 115.67, 119.91, 120.70, 124.39, 125.28, 125.80, 148.67,
148.77, 151.60 (Ar-CþC¼N), 166.29 (C¼O). Mass spectrum dem-
onstrated a molecular ion peak at m/z: 369 (M1., 18.32%), 371 (M
þ 2, 6.13%) and 373 (M þ 4, 18.33%) with a base peak at m/z: 42.
Anal. Calc. for C16H14Cl2N2O4 (369.20): C, 52.05; H, 3.82; N, 7.59.
Found: C, 52.03; H, 3.59; N, 7.73.

N’-(3,5-di-tert-butyl-2-hydroxybenzylidene)-3,4-dimethoxybenzohy-
drazide (4g). Shiny yellow crystals; Yield: (85%); m.p.:
235–237 �C. IR: t/cm�1¼ 3248, 3127 (OH&NH), 3022 (Ar-H), 2918,
2885 (aliph-H), 1655 (C¼O amide), 1604 (C¼N). 1H NMR
(600MHz) d/ppm¼ 1.47, 1.59 (2 s,18H,6CH3), 3.99, 4.0 (2 s, 6H,
2OCH3), 7.30 (s, 1H, Ar-H), 7.39 (s, 1H, Ar-H), 7.49 (s, 1H, Ar-H), 7.74
(d, 1H, Ar-H, J¼ 6.5 Hz), 7.66 (d, 1H, Ar-H, J¼ 6.5 Hz), 8.75 (s, 1H,
CH¼N), 9.27, 12.22 (2 s, 2H, NH&OH exchangeable by D2O).

13C
NMR: 30.01, 31.64 (6CH3), 34.23, 35.03(C-C), 56.03, 56.36 (2 OCH3),
111.44, 117.68, 121.63, 124.84, 125.97, 136.15, 140.74, 148.66,
150.92, 152.66, 155.18 (Ar-CþC¼N), 162.83 (C¼O). Mass spec-
trum demonstrated a molecular ion peak at m/z: 412 (M1.,
19.53%) with a base peak at m/z: 260. Anal. Calc. for C24H32N2O4

(412.53): C, 69.88; H, 7.82; N, 6.79. Found: C, 69.81; H, 7.93; N, 7.09.

N’-((3a,7a-dihydro-1H-indol-3-yl)methylene)-3,4-dimethoxybenzo-
hydrazide (4h). Deep violet crystals; Yield: (92%); m.p.:
210–212 �C. IR: t/cm�1¼ 3305 (NH), 3033 (Ar-H), 2978, 2851
(aliph-H), 1686 (C¼O amide), 1617 (C¼N). 1H NMR (600MHz)
d/ppm¼ 3.97, 3.99 (2 s, 6H, 2OCH3), 7.30 (d, 1H, Ar-H, J¼ 6.8 Hz),
7.66–7.97 (m, 9H, Ar-H), 8.45 (s, 1H, CH¼N), 11.54, 11.74 (2 s, 2H,
2NH exchangeable by D2O).

13C NMR: 56.12, 56.16 (2 OCH3),
111.50, 112.32, 120.86, 121.06, 122.54, 123.12, 123.49, 124.88,
126.65, 132.39, 137.54, 145.04, 146.99, 148.82, 155.63 (Ar-
CþC¼N), 162.51 (C¼O). Mass spectrum demonstrated a molecu-
lar ion peak at m/z: 325 (M1., 21.33%) with a base peak at m/z:
67. Anal. Calc. for C18H19N3O3 (325.37): C, 66.45; H, 5.89; N, 12.91.
Found: C, 66.55; H, 6.01; N, 13.21.

N’-(quinolin-2-ylmethylene)-3,4-dimethoxybenzohydrazide (4i).
Yellowish white powder; Yield: (69%); m.p.: 280–282 �C. IR:
t/cm�1¼ 3167(NH), 3023 (Ar-H), 2913, 2851 (aliph-H), 1651 (C¼O
amide), 1614 (C¼N). 1H NMR (600MHz,) d/ppm¼ 3.97 (s, 6H,
2OCH3), 7.27 (s, 1H, CH¼N), 7.68 (s, 1H, Ar-H), 7.76–7.96 (m, 4H,
Ar-H), 8.17 (d, 1H, Ar-H, J¼ 7.5 Hz), 8.20 (d, 1H, Ar-H, J¼ 6.8 Hz),
8.56 (d, 1H, Ar-H, J¼ 6.5 Hz), 8.78 (s, 1H, Ar-H), 12.21 (s, 1H, NH
exchangeable by D2O).

13C NMR: 56.19, 56.25 (2 OCH3), 111.56,

118.03, 121.73, 125.69, 127.83, 128.42, 128.57, 129.44, 130.63,
137.29, 147.91, 148.86, 149.73, 151.94, 152.21, 154.45 (Ar-
CþC¼N), 163.43 (C¼O). Mass spectrum demonstrated a molecu-
lar ion peak at m/z: 335 (M1., 8.12%) with a base peak at m/z:
148. Anal. Calc. for C19H17N3O3 (335.36): C, 68.05; H, 5.11; N,
12.53. Found: C, 68.31; H, 4.91; N, 12.21.

N’-(4-(dodecyloxy)benzylidene)-3,4-dimethoxybenzohydrazide (4j).
Greyish white powder; Yield: (77%); m.p.: 188–190 �C. IR:
t/cm�1¼ 3277 (NH), 3054 (Ar-H), 2945, 2865 (aliph-H), 1661 (C¼O
amide), 1616 (C¼N). 1H NMR (600MHz) d/ppm¼ 0.85(t, 3H, CH3),
1.49 (m,20H,10CH2), 3.95, 3.97 (2 s, 6H, 2OCH3), 4.23(t, 2H, OCH2),
7.16 (d, 2H, Ar-H, J¼ 6.5 Hz), 7.64� 7.81 (m, 5H, Ar-H), 8.55 (s, 1H,
CH¼N), 11.73 (s, 1H, NH exchangeable by D2O).

13C NMR: 14.41
(CH3),22.63, 25.63, 29.52, 31.86 (CH2), 56.83 (2 OCH3), 68.28(OCH2),
111.29, 115.09, 121.00, 125.79, 126.04, 127.26, 128.76, 147.41,
152.15 (Ar-CþC¼N),160.73 (C-O), 162.82 (C¼O). Mass spectrum
demonstrated a molecular ion peak at m/z: 468 (M1., 15.32%)
with a base peak at m/z: 352. Anal. Calc. for C28H40N2O4 (468.64):
C, 71.76; H, 8.60; N, 5.98. Found: C, 71.77; H, 8.62; N, 6.23.

4.2. Biological evaluation

4.2.1. In vitro antibacterial and antifungal activity testing
All compounds were tested for their antimicrobial activity on dif-
ferent bacterial groups (gram-positive and gram-negative bacteria)
and fungi (C. albicans). All compounds were tested for their safety
on tissue culture cells by cytotoxicity assay. All experiments were
done according to Clinical and Laboratory Standards Institute
guidelines54.

a. Antibacterial activity

In vitro evaluation of the target compounds (4a–j) in addition
to reference, antibiotics were performed regarding their antibac-
terial activities using zone inhibition technique (well agar diffusion
method). Besides, minimal inhibitory concentration (MIC) utilising
gam-positive bacteria such as S. aureus ATCC 6538, E. faecalis
ATCC 29212, gram-negative bacteria such as P. aeruginosa
ATCC10145, E. coli ATCC 25922, A. baumanii ATCCVR 19606, A. bau-
manii clinical isolate, multidrug-resistant A. baumanii clinical iso-
late, and S. typhi clinical isolate.

b. Antifungal activity

In vitro evaluation for antifungal activities regarding target
compounds (4a–j) as well as reference drug, was done against C.
albicans MTCC183 through the zone inhibition technique using
well diffusion agar assay in addition to MIC.

4.2.1.1. Well diffusion assay. A modification of the agar well diffu-
sion method55 was done to detect the antimicrobial activities of
different compounds (4a–j) against gram-positive bacteria, gram-
negative bacteria, and fungi. The work was carried out at the
Microbiology Department Faculty of Medicine for Girls Al-Azhar
University. By visual comparison to 0.5 McFarland turbidity stand-
ards, a suspension of each bacterial strain was prepared56. The
zones of inhibition were measured in cm. The results indicated
that the compounds exhibited antibacterial activities against some
of the tested microorganisms.
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4.2.1.2. Minimal inhibitory concentration (MIC). In the broth dilu-
tion method, different concentrations of an antimicrobial agent
are added to the microorganisms that are inoculated into a liquid
growth medium. After overnight incubation, the microbial growth
is assessed through spectrophotometric cell counts. The MIC value
is the lowest concentration of the tested compound which sup-
presses the growth of the microorganism57,58.

Two folds serial dilutions of the tested compounds were pre-
pared and quality control (QC) antibiotics/antifungal (vancomycin,
ceftriaxone, and amphotericin B) were prepared in a 96 wells
microdilution plate started with 1000mg/ml, 500 mg/ml, 250 mg/ml,
125 mg/ml, 62.5 mg/ml, and 31.25 mg/ml until reach 15.6 mg/ml,
7.81mg/ml, 3.9mg/ml, 1.95 mg/ml, and 0.97mg/ml, 0.49mg/ml.

Suspensions from the tested bacteria/fungus were prepared by
making overnight broth culture of the tested organism then
adjusted to half McFarland, (With Optical Density 0.1 at wave-
length 580 nm). The tested bacteria were inoculated into a micro-
dilution plate with the serially diluted test chemical compounds
and incubated overnight. The microdilution plate is read after 24 h
to determine the MIC value.

4.2.1.3. Minimal bactericidal concentration determination (MBC).
After determining the MIC for the compounds, the suspension
from the upper four concentrations higher than the MIC level for
each compound was inoculated onto an appropriate agar media,
then incubated for 24 h at 37 �C and each agar plate was checked
for bacterial growth to determine the MBC.

4.2.1.4. Determination of sample cytotoxicity on cells using MTT
assay. The MTT (3–(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) tetrazolium reduction assay protocol 59 was applied
to determine the cytotoxicity of the target compounds (4a–j)
on cells.

4.2.2. In vivo testing
4.2.2.1. Materials and methods. 4.2.2.1.1. Drugs. The compounds
4h and 4j were dissolved in DMSO (dimethyl sulfoxide) then fur-
ther dilutions were made by using sterile distilled water. The
doses of both candidates were calculated according to the
method given by Paget and Barnes60. Sterile distilled water,
DEMSO, and investigated compounds (4h (1.9 and 3.8mg/kg) and
4j (1.9 and 3.8mg/kg)) were injected in a volume of 4ml/kg61.
The experiment lasts two weeks, the 1st week for induction of
infection in the infected groups and the 2nd week for the adminis-
tration of the compounds in all groups.

4.2.2.1.2. Animals. One hundred thirty-five adult male 8-week-old
Westar albino rats (RRID: RGD_13508588) (200± 20 g) were pur-
chased from National Research Centre (NRC Cairo, Egypt). They
were kept for a week before any intervention to accommodate
the experimental conditions at the animal house in the NRC, in
standard polypropylene cages (three rats per cage). Also, they
were allowed to access freshwater ad libitum and standard rodent
food pellets freely (El-Nasr Company, Abou- Zaabal -Egypt). The
pellets consisted of 5% fibres, 3.5% fat, 6.5% ash, and 20% pro-
teins all over the experimental duration. The rats were kept under
standard temperature (22 ± 2 �C) and relative humidity (55 ± 5%)
conditions with a 12-light/12-dark cycle.

4.2.2.1.3. Ethics statement. All experimental procedures were per-
formed following the ARRIVE guidelines62 and according to the

U.K. Animals (Scientific Procedures) Act, 1986, the Guide for the
Care and Use of Laboratory Animals63, and the ethical procedures
and policies approved by the Animal Care and Use Committee of
the National Research Centre, Cairo, Egypt (1077/3–11-2021). All
experiments were performed under blinded conditions. All meas-
ures were taken to decrease the number of used animals and
lessen their suffering.

4.2.2.1.4. Experimental design. Rats were divided randomly into
equal fifteen groups, each containing 9 rats as follows:

� Group 1: Rats were kept on standard laboratory chow and
water ad libitum to serve as a control.

� Group 2: Rats have injected IP with sterile distilled water (4ml/
kg) daily for one week to serve as a control.

� Group 3: Rats have injected IP with DEMSO (dimethyl sulfox-
ide) (4ml/kg) daily for one week to serve as a control.

� Group 4: Rats have injected IP with 4h (1.9mg/kg) daily for
one week.

� Group 5: Rats have injected IP with 4h (3.8mg/kg) daily for
one week.

� Group 6: Rats have injected IP with 4i (1.9mg/kg) daily for
one week.

� Group 7: Rats have injected IP with 4i (3.8mg/kg) daily for
one week.

� Group 8: Rats were infected by a single IM injection of S. aur-
eus strain [1.0ml) 1� 107) colony-forming units].

� Group 9: Rats have injected IP with 4h (1.9mg/kg) daily for
one week on the 7th day after induction of infection by a sin-
gle IM injection of S. aureus strain [1.0ml (1� 107) colony-
forming units.

� Group 10: Rats have injected IP with 4h (3.8mg/kg) daily for
one week on the 7th day after induction of infection by a sin-
gle IM injection of S. aureus strain [1.0ml (1� 107) colony-
forming units].

� Group 11: Rats were infected by a single IM injection of S.
typhi strain [1.0ml (1� 107) colony forming units).

� Group 12: Rats have injected IP with 4h (1.9mg/kg) daily for
one week. on the 7th day after induction of infection by a sin-
gle IM injection of S. typhi strain [1.0ml (1� 107) colony-form-
ing units].

� Group 13: Rats have injected IP with 4h (3.8mg/kg) daily for
one week on the 7th day after infection by a single IM injection
of S. typhi strain [1.0ml (1� 107) colony-forming units].

� Group 14: Rats have injected IP with 4i (1.9mg/kg) daily for
one week. on the 7th day after induction of infection by a sin-
gle IM injection of S. typhi strain [1.0ml (1� 107) colony-form-
ing units].

� Group 15: Rats have injected IP with 4i (3.8mg/kg) daily for
one week. on the 7th day after induction of infection by a sin-
gle IM injection of Salmonella strain [1.0ml (1� 107) colony-
forming units].

The induced infection in the rats injected by S. aureus and S.
typhi strains was confirmed by an increased serum level of C
reactive protein (a surrogate marker of infection) on the 8th day
of induction.

In the end, blood was collected from the retro-orbital venous
plexus of rats in all groups by heparinised capillary tubes under
ether anaesthesia64. The blood samples were collected in centri-
fuge tubes and allowed to clot at room temperature for an hour,
and then centrifuged for 15min at 3000 rpm. Sera were sent for
lab analysis immediately for detection of biochemical markers of
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inflammation, assess host immunity, oxidative stress markers, in
addition to body system assessment (liver function test and kid-
ney function test). Finally, anaesthetised rats were sacrificed
through cervical dislocation65 then liver and kidney were dissected
for histological study.

4.2.2.2. Biochemical analysis. 4.2.2.2.1. Assessment of liver function.
ALT and AST were determined66 using commercial kits obtained
from Diamond Diagnostics, Egypt.

4.2.2.2.2. Assessment of kidney function. Serum urea was deter-
mined by using the modified Berthelot–Searcy method67. Serum
creatinine activity was also assessed by using the application of
Jaffe’s reaction68.

4.2.2.2.3. Assessment of host immunity. Serum levels of the pro-
inflammatory cytokine, TNF-a, were determined by the quantita-
tive enzyme immunoassay (EIA) kit purchased from R&D Systems
(USA) according to the method of Howard and Harada69, while
that of anti-inflammatory cytokine IL-10 was according to Croft
et al. 70.

4.2.2.2.4. Assessment of redox state. The method of Sedlak and
Lindsay 71 was adopted for the colorimetric assessment of serum
malondialdehyde (MDA) using free-SH groups for measuring the
peroxidation of fatty acids as an oxidative stress marker. While
“master antioxidant” serum glutathione (GSH) was assessed using
Cayman’s GSH assay kit72.

4.2.2.2.5. Statistical Analysis. Statistical Analysis of results was done
using the statistic package for social science version 12 (SPSS, 12)
for windows. Results were expressed as Mean± Standard deviation
(SD) and statistically analysed using one-way analysis of variance
(ANOVA) for a completely.

4.2.2.3. Histological examination of the liver and kidney. 4.2.2.3.1.
General histological examination. At the end of the experiment,
the animals were euthanized through cervical dislocation. After
that, the liver and kidney were dissected for histological study.
The procedure for histological preparations was described by
Bancroft and Stevens73. Briefly, liver and kidney tissues were sliced
to 3–4mm thick, fixed in 10% neutral buffered formalin (10%
NBF), dehydrated in graded concentrations of ethanol, cleared in
xylene, and embedded in paraffin. The paraffin blocks were sec-
tioned with a microtome at (4–6 lm) thickness and dyed with H &
E stain to study the general tissue structure.

4.2.2.3.2. Immunohistochemistry staining protocol. Immunohisto
chemistry (IHC) was performed on paraffin sections and mounted
on positively charged slides to detect caspase-3 as an indicator for
apoptosis and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NFKB2) for inflammation by using the avidin-biotin-
peroxidase complex (ABC) method74. The exact methodology was
carried out as previously described in detail75.

4.2.2.3.3. Evaluation of immunohistochemical results "Area
Percentage" (Specific area/Antibody). Caspase-3 and NFKB2 immu-
nostaining were measured as area % in a standard measuring
frame in representative five fields for each subject (liver and kid-
neys) in all groups using 100x magnification via light microscopy
transferred to the screen75.

4.2.2.3.4. Statistical analysis of area percentage of caspase 3 and
NFKB2. Values related to area percentage were given as Mean and
Standard Error "SE". Data were tested for normality via
Kolmogorov-Smirnov test of normality. The outcomes of the
Kolmogorov-Smirnov test directed that the greatest of data were
normally distributed (parametric data), thus one way ANOVA test
was applied for intergroup comparison76 followed by the Post-hoc
Tukey’s test. P values less than 0.05 were interpreted as statistic-
ally significant77.

4.3. In silico studies

4.3.1. Docking studies
Molecular docking studies of the newly designed N’-benzylidene-
3,4-dimethoxybenzohydrazide derivatives towards the multidrug
efflux pump (MATE) protein receptor (PDB ID: 5C6O)25 were car-
ried out using the MOE 2019.0102 drug design software78–80.
Targeting the MATE based on the ligand-based design approach
followed to obtain the target compounds relative to the co-crys-
tallized native inhibitor (verapamil) of the target MATE protein.
Also, the co-crystallized inhibitor (verapamil, 4YH) of MATE was
inserted into the docked database as a reference standard.

First, all of the newly designed N’-benzylidene-3,4-dimethoxy-
benzohydrazide derivatives were prepared and inserted into one
database with the previously mentioned co-crystallized inhibitor
(4YH) as previously mentioned81–85. Then, the target protein
(MATE) was prepared for the docking process following the
default steps described earlier86–90. Moreover, a validation process
for the docking program was performed by applying a separate
docking process for the co-crystallized inhibitor alone (redock-
ing)91–95. Finally, a general docking process was applied according
to the default methodology96–100 and the best poses -regarding
their binding scores and modes- were selected for further
studies99,101–103.

4.3.2. Physicochemical, ADMET, and pharmacokinetic proper-
ties prediction
The physicochemical and pharmacokinetic characteristics investi-
gation is a critical step in the synthesis of novel molecular entities
from a hit to a drug18,104–107. Thereby, the Swiss Institute of
Bioinformatics (SIB) supplies the free Swiss ADME web tool which
can be used to evaluate physicochemical characteristics, and
anticipate the ADME parameters and pharmacokinetic features of
the newly synthesised compounds as well. Structures of the chem-
ically synthesised compounds were transformed to SMILES nota-
tions, then submitted to the online server for further calculations
running108. Moreover, the synthesised compounds’ toxicity param-
eters were investigated using the pkCSM descriptors algorithm
protocol109.
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32. Zebbiche Z, Tekin S, K€uç€ukbay H, et al. Synthesis and anti-
cancer properties of novel hydrazone derivatives

1116 R. R. EZZ ELDIN ET AL.

https://www.britannica.com/science/bacterial-disease
https://www.britannica.com/science/bacterial-disease


incorporating pyridine and isatin moieties. Archiv Der
Pharmazie 2021;354:2000377.

33. Young DH, Shaber SH, Avila-Adame C, et al. Synergistic
fungicidal compositions including hydrazone derivatives
and copper. Google Patents: 2012.

34. Sundaree S, Vaddula BR, Tantak MP, et al. Synthesis and
anticancer activity study of indolyl hydrazide–hydrazones.
Med Chem Res 2016;25:941–50.

35. Rector D, Conder G, Folz S. Preparation of antihelmintic
acylhydrazones, method of use and compositions. PCT Int
Appl 1987;57.

36. Wang Q-b, Sun L-y, Gong Z-d, Du Y. Veratric acid inhibits
LPS-induced IL-6 and IL-8 production in human gingival
fibroblasts. Inflammation 2016;39:237–42.

37. Inc., C. C. G., Molecular operating environment (MOE).
Chemical Computing Group Inc 1010 Sherbooke St. West,
Suite# 910, Montreal. 2016.

38. El Gizawy HA, Boshra SA, Mostafa A, et al. Pimenta dioica
(L.) Merr. bioactive constituents exert anti-SARS-CoV-2 and
anti-inflammatory activities: molecular docking and dynam-
ics, in vitro, and in vivo studies. Molecules 2021;26:5844.

39. Shoala T, Al-Karmalawy AA, Germoush MO, et al.
Nanobiotechnological approaches to enhance potato resist-
ance against Potato Leafroll Virus (PLRV) using glycyrrhizic
acid ammonium salt and salicylic acid nanoparticles.
Horticulturae 2021;7:402.

40. Elebeedy D, Elkhatib WF, Kandeil A, et al. Anti-SARS-CoV-2
activities of tanshinone IIA, carnosic acid, rosmarinic acid,
salvianolic acid, baicalein, and glycyrrhetinic acid between
computational and in vitro insights. RSC Advances 2021;11:
29267–86.

41. Zaki AA, Ashour A, Elhady SS, et al. Calendulaglycoside A
showing potential activity against SARS-CoV-2 main prote-
ase: molecular docking, molecular dynamics, and SAR stud-
ies. J Tradit Complement Med 2022;12:16–34.

42. Eliaa SG, Al-Karmalawy AA, Saleh RM, Elshal MF.
Empagliflozin and doxorubicin synergistically inhibit the
survival of triple-negative breast cancer cells via interfering
with the mTOR pathway and inhibition of calmodulin:
in vitro and molecular docking studies. ACS Pharmacol
Transl Sci 2020;3:1330–8.

43. Savjani KT, Gajjar AK, Savjani JK. Drug solubility: import-
ance and enhancement techniques. Int Sch Res Notices
2012;2012:1–10.

44. Scalbert A, Morand C, Manach C, R�em�esy C. Absorption
and metabolism of polyphenols in the gut and impact on
health. Biomed Pharmacother 2002;56:276–82.

45. Thanou M, Verhoef J, Junginger H. Oral drug absorption
enhancement by chitosan and its derivatives. Adv Drug
Deliv Rev 2001;52:117–26.

46. Sullins AK, Abdel-Rahman SM. Pharmacokinetics of antibac-
terial agents in the CSF of children and adolescents.
Paediatr Drugs 2013;15:93–117.

47. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ.
Experimental and computational approaches to estimate
solubility and permeability in drug discovery and develop-
ment settings. Adv Drug Deliv Rev 1997;23:3–25.

48. Levy DD, Zeiger E, Escobar PA, et al. Recommended criteria
for the evaluation of bacterial mutagenicity data (Ames
test). Mutat Res Genet Toxicol Environ Mutagen 2019;848:
403074.

49. Roy S, Mathew M. Fluid flow modulates electrical activity in
cardiac hERG potassium channels. J Biol Chem 2018;293:
4289–303.

50. Sanguinetti MC. HERG1 channel agonists and cardiac
arrhythmia. Curr Opin Pharmacol 2014;15:22–7.

51. Xue W, Li X, Ma G, et al. N-thiadiazole-4-hydroxy-2-quin-
olone-3-carboxamides bearing heteroaromatic rings as
novel antibacterial agents: design, synthesis, biological
evaluation and target identification. Eur J Med Chem 2020;
188:112022.

52. Jia B, Ma Y-m, Liu B, et al. Synthesis, antimicrobial activity,
structure-activity relationship, and molecular docking stud-
ies of indole diketopiperazine alkaloids. Front Chem 2019;7:
837.

53. Tranmer M, Elliot M. Multiple linear regression. Cathie
Marsh Centre Census Survey Res 2008;5:1–5.

54. Jorgensen JH, Hindler JF, Reller LB, Weinstein MP. New
consensus guidelines from the clinical and laboratory
standards institute for antimicrobial susceptibility testing of
infrequently isolated or fastidious bacteria. Clin Infect Dis
2007;44:280–6.

55. Tagg J, McGiven A. Assay system for bacteriocins. Appl
Microbiol 1971;21:943.

56. Hombach M, Maurer FP, Pfiffner T, et al. Standardization of
operator-dependent variables affecting precision and
accuracy of the disk diffusion method for antibiotic suscep-
tibility testing. J Clin Microbiol 2015;53:3864–69.

57. Rodriguez-Tudela J, Barchiesi F, Bille J, et al. Method for
the determination of minimum inhibitory concentration
(MIC) by broth dilution of fermentative yeasts. Clin
Microbiol Infect 2003;9:i–viii.

58. Fothergill AW, Antifungal susceptibility testing: clinical
laboratory and standards institute (CLSI) methods. In
Interactions of yeasts, moulds, and antifungal agents,
Springer: 2012; pp 65–74.

59. Scudiero DA, Shoemaker RH, Paull KD, et al. Evaluation of a
soluble tetrazolium/formazan assay for cell growth and
drug sensitivity in culture using human and other tumor
cell lines. Cancer Res 1988;48:4827–33.

60. Paget G, Barnes J. Toxicity tests. Evaluation of drug activ-
ities: pharmacometrics 1964;1:135–65.

61. Diehl KH, Hull R, Morton D, et al. A good practice guide to
the administration of substances and removal of blood,
including routes and volumes. J Appl Toxicol 2001;21:
15–23.

62. Kilkenny C, Browne W, Cuthill IC, et al. Animal research:
reporting in vivo experiments: the ARRIVE guidelines.
British J Pharmacol 2010;160:1577–9.

63. Council NR, Guide for the care and use of laboratory ani-
mals. 2010.

64. Simmons M, Brick JO, The laboratory mouse: selection and
management. The laboratory mouse: selection and manage-
ment. 1970.

65. Ding S-P, Li J-C, Jin C. A mouse model of severe acute pan-
creatitis induced with caerulein and lipopolysaccharide.
World J Gastroenterol 2003;9:584.

66. Ochei JO, Kolhatkar AA, Medical laboratory science: theory
and practice. New York: McGraw Hill Education: 2000.

67. Sims KL, Darcy TP. A leadership-management training cur-
riculum for pathology residents. Am J Clin Pathol 1997;108:
90–5.

68. Toora B, Rajagopal G, Measurement of creatinine by Jaffe’s
reaction-determination of concentration of sodium

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1117



hydroxide required for maximum color development in
standard, urine and protein free filtrate of serum. 2002.

69. Nicola N, Guidebook to cytokines and their receptors.
Oxford: Oxford University Press: 1994.

70. Croft M, Duan W, Choi H, et al. TNF superfamily in inflam-
matory disease: translating basic insights. Trends Immunol
2012;33:144–152.

71. Sedlak J, Lindsay RH. Estimation of total, protein-bound,
and nonprotein sulfhydryl groups in tissue with Ellman’s
reagent. Anal Biochem 1968;25:192–205.

72. Tietez F, Enzymic method for quantitative determination of
nanogram amounts of total and oxidized. 1969.

73. Banchroft J, Stevens A, Turner D, Theory and practice of
histological techniques. New York, London, San Francisco,
Tokyo: Churchil Livingstone; 1996.

74. Hsu S-M, Raine L, Fanger H. Use of avidin-biotin-peroxidase
complex (ABC) in immunoperoxidase techniques: a com-
parison between ABC and unlabeled antibody (PAP) proce-
dures. J Histochem Cytochem 1981;29:577–580.

75. Ahmed ZSO, Hussein S, Ghandour RA, et al. Evaluation of
the effect of methotrexate on the hippocampus, cerebel-
lum, liver, and kidneys of adult male albino rat: histopatho-
logical, immunohistochemical and biochemical studies.
Acta Histochemica 2021;123:151682.

76. Bland M, An introduction to medical statistics. Oxford:
Oxford University Press; 2015.

77. Weinberg SL, Abramowitz SK, Statistics using SPSS: an inte-
grative approach. Cambridge: Cambridge University Press;
2008.

78. Zaki AA, Al-Karmalawy AA, Khodir AE, et al. Isolation of
cytotoxic active compounds from Reichardia tingitana with
investigation of apoptosis mechanistic induction: in silico,
in vitro, and SAR studies. South African J Botany 2022;144:
115–123.

79. Samra RM, Soliman AF, Zaki AA, et al. Bioassay-guided iso-
lation of a new cytotoxic ceramide from Cyperus rotundus
L. South African Journal of Botany 2021;139:210–216.

80. Raslan MA, F. Taher R, Al-Karmalawy AA, et al. Cordyline
fruticosa (L.) A. Chev. leaves: isolation, HPLC/MS profiling
and evaluation of nephroprotective and hepatoprotective
activities supported by molecular docking. N J Chem 2021;
45:22216–22233.

81. Elmaaty AA, Darwish KM, Khattab M, et al. In a search for
potential drug candidates for combating COVID-19: compu-
tational study revealed salvianolic acid B as a potential
therapeutic targeting 3CLpro and spike proteins. J Biomol
Struct Dyn 2021;30:1–28.

82. Aziz MA, Shehab WS, Al-Karmalawy AA, et al. Design, syn-
thesis, biological evaluation, 2D-QSAR modeling, and
molecular docking studies of novel 1H-3-indolyl derivatives
as significant antioxidants. Int J Mol Sci 2021;22:10396.

83. Diab RT, Abdel-Sami ZK, Abdel-Aal EH, et al. Design and
synthesis of a new series of 3,5-disubstituted-1,2,4-oxadia-
zoles as potential colchicine binding site inhibitors: antipro-
liferative activity, molecular docking, and SAR studies. N J
Chem 2021;45:21657–21669.,

84. Mahmoud DB, Bakr MM, Al-karmalawy AA, et al.
Scrutinizing the feasibility of nonionic surfactants to form
isotropic bicelles of curcumin: a potential antiviral candi-
date against COVID-19. AAPS PharmSciTech 2021;23:44.

85. Salem MA, Aborehab NM, Al-Karmalawy AA, et al. Potential
valorization of edible nuts by-products: exploring the
immune-modulatory and antioxidants effects of selected

nut shells extracts in relation to their metabolic profiles.
Antioxidants 2022;11:462.

86. Mahmoud A, Mostafa A, Al-Karmalawy AA, et al. Telaprevir
is a potential drug for repurposing against SARS-CoV-2:
computational and in vitro studies. Heliyon 2021;7:e07962.

87. Soltane R, Chrouda A, Mostafa A, et al. Strong inhibitory
activity and action modes of synthetic maslinic acid deriva-
tive on highly pathogenic coronaviruses: COVID-19 drug
candidate. Pathogens 2021;10:623.

88. Elmaaty AA, Alnajjar R, Hamed MI, et al. Revisiting activity
of some glucocorticoids as a potential inhibitor of SARS-
CoV-2 main protease: theoretical study. RSC Adv 2021;11:
10027–10042.

89. Elmaaty AA, Darwish KM, Chrouda A, et al. In silico and
in vitro studies for benzimidazole anthelmintics repurpos-
ing as VEGFR-2 antagonists: novel mebendazole-loaded
mixed micelles with enhanced dissolution and anticancer
activity. ACS Omega 2022;7:875–899.

90. El-Masry R, Al-Karmalawy AA, Alnajjar RA, et al. Newly syn-
thesized series of oxoindole-oxadiazole conjugates as
potential anti-SARS-CoV-2 agents: in silico and in vitro stud-
ies. N J Chem 2022;46:5078–5090.

91. Al-Karmalawy AA, Alnajjar R, Dahab M, et al. Molecular
docking and dynamics simulations reveal the potential of
anti-HCV drugs to inhibit COVID-19 main protease. Pharm
Sci 2021;27(Suppl 1): S109–S121 .

92. Al-Karmalawy AA, Dahab MA, Metwaly AM, et al. Molecular
docking and dynamics simulation revealed the potential
inhibitory activity of ACEIs against SARS-CoV-2 targeting
the hACE2 receptor. Front Chem 2021;9:661230.

93. El-Demerdash A, Al-Karmalawy AA, Abdel-Aziz TM, et al.
Investigating the structure–activity relationship of marine
natural polyketides as promising SARS-CoV-2 main prote-
ase inhibitors. RSC Advances 2021;11:31339–31363.

94. Abdallah AE, Alesawy MS, Eissa SI, et al. Design and synthe-
sis of new 4-(2-nitrophenoxy)benzamide derivatives as
potential antiviral agents: molecular modeling and in vitro
antiviral screening. N J Chem 2021;45:16557–16571.

95. Elebeedy D, Badawy I, Elmaaty AA, et al. In vitro and com-
putational insights revealing the potential inhibitory effect
of Tanshinone IIA against influenza A virus. Comp Biol Med
2022;141:105149.

96. Taher RF, Al-Karmalawy AA, Abd El Maksoud AI, et al. Two
new flavonoids and anticancer activity of Hymenosporum
flavum: in vitro and molecular docking studies. J Herbmed
Pharmacol 2021;10:443–458.

97. Khattab M, Al-Karmalawy AA. Revisiting activity of some
nocodazole analogues as a potential anticancer drugs
using molecular docking and DFT calculations. Front Chem
2021;9:92.

98. Al-Karmalawy AA, Farid MM, Mostafa A, et al. Naturally
available flavonoid aglycones as potential antiviral drug
candidates against SARS-CoV-2. Molecules 2021;26:6559.

99. Hazem RM, Antar SA, Nafea YK, et al. Pirfenidone and vita-
min D mitigate renal fibrosis induced by doxorubicin in
mice with Ehrlich solid tumor. Life Sciences 2022;288:
120185.

100. Ghanem A, Al-Karmalawy AA, Abd El Maksoud AI, et al.
Rumex Vesicarius L. extract improves the efficacy of doxo-
rubicin in triple-negative breast cancer through inhibiting
Bcl2, mTOR, JNK1 and augmenting p21 expression. Inform
Med Unlocked 2022;29:100869.

1118 R. R. EZZ ELDIN ET AL.



101. Mahmoud DB, Ismail WM, Moatasim Y, et al. Delineating a
potent antiviral activity of Cuphea ignea extract loaded
nano-formulation against SARS-CoV-2: In silico and in vitro
studies. J Drug Delivery Sci Technol 2021;66:102845.

102. Khattab M, Al-Karmalawy AA. Computational repurposing
of benzimidazole anthelmintic drugs as potential colchicine
binding site inhibitors. Future Med Chem 2021;13:
null–1638.

103. Hamed MIA, Darwish KM, Soltane R, et al. b-Blockers bear-
ing hydroxyethylamine and hydroxyethylene as potential
SARS-CoV-2 Mpro inhibitors: rational based design, in silico,
in vitro, and SAR studies for lead optimization. RSC Adv
2021;11:35536–8.

104. Gaber AA, El-Morsy AM, Sherbiny FF, et al. Pharmacophore-
linked pyrazolo [3, 4-d] pyrimidines as EGFR-TK inhibitors:
Synthesis, anticancer evaluation, pharmacokinetics, and in
silico mechanistic studies. Archiv Der Pharmazie 2021;
e2100258.DOI:10.1002/ardp.202100258

105. Al-Karmalawy A, Ma C, Taghour MS, et al. Design and syn-
thesis of new quinoxaline derivatives as potential histone

deacetylase inhibitors targeting hepatocellular carcinoma:
in silico, in vitro, and SAR studies. Front Chem 2021;9:648.

106. El-Shershaby MH, Ghiaty A, Bayoumi AH, et al. From triazo-
lophthalazines to triazoloquinazolines: a bioisosterism-
guided approach toward the identification of novel PCAF
inhibitors with potential anticancer activity. Bioorg Med
Chem 2021;42:116266.

107. Alesawy MS, Al-Karmalawy AA, Elkaeed EB, et al. J. A. d. P.,
Design and discovery of new 1, 2, 4-triazolo [4, 3-c] quina-
zolines as potential DNA intercalators and topoisomerase II
inhibitors. Archiv Der Pharmazie 2021;354:e2000237.

108. Daina A, Michielin O, Zoete V. SwissADME: a free web tool
to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci Rep 2017;7:
42717–13.

109. Pires DE, Blundell TL, Ascher DB. pkCSM: predicting
small-molecule pharmacokinetic and toxicity properties
using graph-based signatures. J Med Chem 2015;58:
4066–72.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1119

https://doi.org/10.1002/ardp.202100258

	Abstract
	Introduction
	The rationale work design

	Results and discussion
	Chemistry
	Biological evaluation
	In vitro antibacterial and antifungal activity testing
	Agar well diffusion assay
	Minimal inhibitory concentration (MIC)
	Minimal bactericidal concentration (MBC)
	Determination of sample cytotoxicity on cells using MTT assay

	In vivo testing
	Biochemical analysis
	Histological examination of the liver and kidney


	In silico studies results
	Docking studies
	Physicochemical, ADMET, and pharmacokinetic properties prediction

	Structure- antimicrobial activity relationship (SAR) studies

	Conclusion
	Materials and methods
	Chemistry
	General
	N'-(4-aminobenzylidene)-3,4-dimethoxybenzohydrazide (4a)
	N'-(4-ethoxybenzylidene)-3,4-dimethoxybenzohydrazide (4 b)
	N-(4-((2–(3,4-dimethoxybenzoyl)hydrazono)methyl)phenyl)acetamide (4c)
	N'-(2,4,6-trimethylbenzylidene)-3,4-dimethoxybenzohydrazide (4d)
	N'-(3,5-dibromo-2-hydroxybenzylidene)-3,4-dimethoxybenzohydrazide (4e)
	N'-(3,5-dichloro-2-hydroxybenzylidene)-3,4-dimethoxybenzohydrazide (4f)
	N'-(3,5-di-tert-butyl-2-hydroxybenzylidene)-3,4-dimethoxybenzohydrazide (4g)
	N'-((3a,7a-dihydro-1H-indol-3-yl)methylene)-3,4-dimethoxybenzohydrazide (4h)
	N'-(quinolin-2-ylmethylene)-3,4-dimethoxybenzohydrazide (4i)
	N'-(4-(dodecyloxy)benzylidene)-3,4-dimethoxybenzohydrazide (4j)


	Biological evaluation
	In vitro antibacterial and antifungal activity testing
	Well diffusion assay
	Minimal inhibitory concentration (MIC)
	Minimal bactericidal concentration determination (MBC)
	Determination of sample cytotoxicity on cells using MTT assay

	In vivo testing
	Materials and methods
	Biochemical analysis
	Histological examination of the liver and kidney


	In silico studies
	Docking studies
	Physicochemical, ADMET, and pharmacokinetic properties prediction


	Disclosure statement
	Funding
	Orcid
	References


