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AbstractA series of N2-acyl salicylic hydrazides (S2-S6) and N-(substituted benzylidene) salicylic hydrazides (S7-S9) were synthesized from2-hydroxybenzohydrazide (S1), using both microwave irradiation and conventional methods, and tested for its in vitro anticanceractivity against human lung cancer cell, A549. The salicylic hydrazides were successfully synthesized in good yields (79–98%)and the in-vitro study results indicated that 3,4-dichloro-N’-(2-hydroxybenzoyl)benzohydrazide (S5) was most active among thetested compounds (IC50 value of 68.75 𝜇M). In this work, we applied an integrated approach combining network pharmacologyand computational analysis to explore how salicylic hydrazide derivatives affect tyrosine kinase–related pathways. The in-silicofindings were in agreement with the in vitro results, indicating that compound S5 produced a docking score of –6.53468 kcal/mol.The findings of this research are expected to support further development toward identifying promising anticancer drug candidatesderived from salicylic hydrazide derivatives.
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1. INTRODUCTION

Tyrosine kinases are pivotal regulators of various signaling
pathways that control critical cellular functions, including pro-
liferation, differentiation, and apoptosis (Sudhesh Dev et al.,
2021) . The aberrant activation of these kinases is a hallmark
of many cancers, contributing to tumorigenesis and metastasis
(Lian et al., 2019) . Targeting tyrosine kinases has thus become
a strategic approach in cancer therapy, with several inhibitors
developed to combat resistant cancer phenotypes. As the un-
derstanding of these pathways evolves, the exploration of novel
compounds that can effectively inhibit tyrosine kinase activity
is crucial.

Salicylic hydrazide derivatives have emerged as promis-
ing candidates in the search for new anticancer agents. These
compounds have been shown to influence multiple biological

pathways, particularly those governing programmed cell death
and the progression of the cell cycle, primarily through their
influence on kinase signaling pathways (Altıntop et al., 2012) .
Recent studies suggest that salicylaldehyde derivatives may in-
hibit the activity of specific tyrosine kinases, thereby disrupting
signaling cascades that are essential for cancer cell survival and
proliferation. This potential opens avenues for their develop-
ment as therapeutic agents in oncology (Nikolova-Mladenova
et al., 2023) .

Network pharmacology serves as a powerful integrative
method to prioritize biological receptors for molecular dock-
ing studies, shifting from the traditional "one drug, one target"
approach to a systems-level analysis of complex drug-disease
interactions (Hopkins, 2008; Mutiah et al., 2024; Li and Kar,
2025) . By mapping the relationships between a drug’s bioac-
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tive compounds, potential protein targets, and the associated
disease pathways, this method identifies the key nodes within a
biological network. These nodes represent the most function-
ally significant and therapeutically relevant receptors. Subse-
quently, detailed molecular docking simulations are performed
on these prioritized targets to computationally validate the
binding affinity and stability of the compounds, creating a ra-
tional pipeline from multi-target prediction to structural con-
firmation. This strategy significantly increases the likelihood of
identifying meaningful pharmacological interactions.

For instance, network pharmacological analysis was em-
ployed to elucidate the therapeutic mechanisms of Curcuma
species in osteosarcoma. The study identified several core
protein targets-including AKT1, TNF, STAT3, EGFR, and
HSP90AA1-that are critically involved in key oncogenic sig-
naling pathways such as PI3K/Akt, HIF-1, ErbB, and FOXO.
These computational predictions were subsequently validated
through molecular docking, which demonstrated stable and
high-affinity binding between the primary bioactive constituents
of Curcuma and the prioritized target proteins.

Similarly, in a study investigating the Tangshen formula-
a Traditional Chinese Medicine (TCM) prescribed for dia-
betic nephropathy-network pharmacology revealed a set of cen-
tral targets, including TP53, PTEN, AKT1, BCL2, BCL2L1,
PINK1, PARKIN, LC3B, and NFE2L2, alongside associated
growth-modulating pathways. Subsequent molecular docking
simulations provided structural corroboration by confirming
favorable binding interactions between the herbal compounds
and these key targets, thereby reinforcing the mechanistic hy-
potheses generated from the network-based analysis.

This study implements a comprehensive strategy that in-
tegrates network pharmacology, computational analysis, syn-
thesis of organic compounds and laboratory experiments to
examine the influence of salicylic hydrazide derivatives on ty-
rosine kinase pathways. A novel aspect of the methodology
involves the application of skyline queries, a computational
technique from optimization theory, to systematically identify
and prioritize significant protein targets within interaction net-
works (Fatriani et al., 2024) . These prioritized targets were
then used to screen the potential activity of the compounds.
By utilizing these methodologies, we aim to provide a com-
prehensive understanding of the mechanisms through which
these compounds exert their anticancer effects. Insights gained
from this research could contribute to the development of new
therapeutic strategies targeting tyrosine kinases, ultimately im-
proving treatment outcomes for cancer patients.

2. EXPERIMENTAL SECTION

2.1 Materials
All chemicals used in this study were commercially sourced
from certified suppliers. The synthesis of salicylic hydrazide
derivatives was carried out using a domestic microwave oven
SANYO EM-S2612S as the heating source. The 1H- and 13C-
NMR spectra of the synthesized compounds were recorded
on a Bruker Ultrashield 600 spectrometer operating at 600

MHz and 150 MHz, respectively. Molecular mass analysis
was performed in ESI mode. Melting points were determined
with an Electrothermal apparatus without correction. For the
biological assays, absorbance measurements were obtained with
a 2300 EnSpire Multimode Plate Reader (PerkinElmer, Inc.)
at a wavelength of 540 nm. Network pharmacology analysis
was done using Cytoscape 3.10.3 and molecular docking was
done using Molecular Operating Environment 2022 software
from Chemical Computing Group.

2.2 Methods
2.2.1 Construction of Molecule-Target-Pathway Network
Protein targets predicted to interact with the nine tested com-
pounds were obtained from Swiss Target Prediction (http:
//www.swisstargetprediction.ch/), using Homo sapiens as
the reference species. Tyrosine kinase-related proteins were
retrieved from the UniProt database (https://www.uniprot.
org/). All identified targets across the compounds were subse-
quently consolidated to construct the Molecule-Target Interac-
tion network.

2.2.2 Construction of Protein-protein Interaction (PPI) Net-
work

The targets associated with the nine salicylic hydrazide deriva-
tives from the preceding step were merged, and a protein– pro-
tein interaction (PPI) network was generated using STRING
(https://string-db.org). The PPI search was performed
using the full STRING network option with a high-confidence
threshold of 0.700. The resulting interaction data were subse-
quently imported into Cytoscape for further evaluation. Prior
to analysis, isolated subgraphs lacking connections to the pri-
mary network were removed. Network characterization was
conducted using the CentiScape 2.2 plugin, producing cen-
trality metrics that included Degree, Betweenness, Closeness,
Bridging, and Radiality (Scardoni et al., 2014) .

2.2.3 Identifying Protein Targets Through a Skyline-Based
Query

Skyline queries are used to filter out a set of interesting data
points from a large dataset based on multiple criteria, effec-
tively excluding dominated data points and retaining only the
most relevant ones (Torres-Avilés et al., 2024) . This method
is particularly useful in handling large and complex datasets.
In this study, skyline query was used to determine the most
significant targets in protein-protein interaction network based
on their centrality (Fatriani et al., 2024) . According to the
skyline concept, a significant protein in an interaction network
is classified as a non-dominant protein. Protein X is said to
dominate another protein Y if X has equal or better values in
all degree centrality measures and is superior in at least one
of them. A skyline query retrieves a set of proteins that are
not dominated by any other. Skyline query was implemented
using block-nested loop algorithm to compare and identify
non-dominated targets.
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2.2.4 Enrichment Analysis
Enrichment analysis was performed to identify the targets that
associated with cancer and tyrosine kinase using Gene ontology
and KEGG pathways. Gene ontology is divided into three:
molecular functions, biological process, and cell component.
Molecular function explains how the genes work in the molecu-
lar level. Biological processes explain how the genes contribute
in biological processes, and cell component provide the genes
location in the cell (Ashburner et al., 2000) . KEGG pathway
(Kyoto Encyclopedia of Gene and Genomes) show what the
disease of disorder the genes are contributes to. Enrichment
analysis was performed by analyzing gene Ontology (GO) and
KEGG Pathways. Enrichment analysis was performed using
a web-based application EnrichR (Xie et al., 2021) . The top
GO and KEGG pathways are visualized using a dot plot using
SRPlot (bioinformatics.com.cn/srplot).

2.2.5 Synthesis of Salicylic Hydrazide Derivatives
S1 was synthesized by reacting methyl salicylate with hydrazine
hydrate (2 eq) by microwave irradiation at 120 W for 8 minutes
via a nucleophilic acyl substitution mechanism. The reaction
mixture was then quenched with water to remove excess hy-
drazine hydrate, filtered, and the resulting solid was purified
through recrystallization. Subsequently, S2–S6 were produced
by reacting S1 with various benzoyl chlorides (1 eq) dissolved
in THF at 5◦C, and the mixture was stirred for 5–35 minutes
until completion, as monitored periodically by TLC. Mean-
while, S7–S9 were obtained by reacting S1 with substituted
benzaldehydes dissolved in THF under microwave irradiation
at 320–360 W for 2 minutes. All reaction products were puri-
fied by recrystallization using appropriate solvents.

2.2.6 Inhibition Assay on Human A549 Lung Cancer Cell
Growth

The bioassay against the human lung cancer A549 cell line was
performed using cultures maintained in an enriched medium
composed of Dulbecco’s Modified Eagle Medium (DMEM),
10% heat-inactivated fetal bovine serum (FBS), amphotericin
B, and kanamycin. Three-day-old cells were used for the assay.
A mixture of 1 𝜇L of each sample (1% in DMSO) and 99 𝜇L
of A549 cells (5 × 103 cells) was incubated at 37◦C for 72
hours. Following the treatment procedure, the absorbance was
measured at 540 nm using a Multimode Plate Reader. Cell
growth inhibition was calculated using the following equation:

% Inhibition =

[
1 −

Asample − Ablank

Acontrol − Ablank

]
× 100 (1)

The IC50 value was defined as the sample concentration re-
quired to inhibit 50% of cancer cell proliferation. IC50 values
are presented as mean ± SD from three independent replicates.
A lower IC50 value relative to the standard drug (doxorubicin)
indicates higher cytotoxic activity against A549 cancer cells
(Sulistyowaty et al., 2020, 2021) .

2.2.7 Molecular Docking
The computer hardware specification used for molecular dock-
ing study is Intel®CoreTMi5-10400F @ 2.90 GHz processor
(CPU), with Nvidia®GeForce GTX 1650 as graphic processing
unit, and 16 GB Random Access Memory (RAM) with Win-
dows 10 Pro 64-bit. For dynamic simulation, the computer
specifications used were Intel Core i9-12900F processor with
Nvidia RTX 3080Ti as the graphic processing unit, and a 128
GB Random Access Memory (RAM).

The three-dimensional structure of SRC was obtained from
the Protein Data Bank using PDB ID 4MXX (Levinson and
Boxer, 2014) . Molecular docking was carried out with the
Molecular Operating Environment (MOE) 2022 software pro-
vided by Chemical Computing Group. The workflow started
with method validation, which consisted of redocking the na-
tive ligand into its original binding pocket and verifying the
procedure through the Root Mean Square Deviation (RMSD)
value. After successful validation, the test compounds were
docked using the same established protocol. Binding affinity
was assessed through the MOE docking score, “S.” Further-
more, amino acid interaction profiles were examined using the
2D interaction analysis features in BIOVIA Discovery Studio.

Figure 1. Compounds-Targets-Pathway Interaction Network
(Purple: Compound 1 to 9; Blue: Compound’s Targets That
Not Contributes to TK; Green: Compound’s Targets That
Contributes to TK); Orange: Tyrosine Kinase Targets; Red:
Tyrosine Kinase

3. RESULTS AND DISCUSSION

3.1 Network Pharmacology
The target obtained from Uniprot were 310 targets, and the
targets associated with salicylic hydrazide derivatives obtained
from STRING were 810. Protein interactions related to Ty-
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Figure 2. Top Gene Ontologies Based on The Lowest p-Value

rosine kinase included 259 proteins with 1062 interactions.
Compound-targets network involves 303 proteins with 813
interactions. Both networks were subsequently merged, and
any redundant entries were eliminated. The elimination of the
duplicates resulted in a compound-targets-pathway network
with 466 proteins with 1035 interaction. The compounds-
targets-pathway network is shown in Figure 1.

3.1.1 Identifying Protein Targets Through a Skyline-Based
Query

Network analysis started with the formation of Protein-protein
interaction of the proteins that predicted to interact with Sal-
icylic hydrazide derivates. Network analysis in the form of
centrality measures consists of degree. Closeness, between-
ness, Eigenvector, and radiality centralities. To choose the
most significant protein, we used the skyline query technique
to obtain the most dominant proteins from the graph. The
Skyline query output indicated that the three most prominent
proteins were HSP90AA1, Epidermal Growth Factor EGFR,
and Proto-oncogenic tyrosine-protein kinase (SRC), as shown
in Table 1. EGFR and SRC are two of the three receptors
identified through the Skyline query that are widely utilized
as therapeutic targets in oncology. EGFR is a transmembrane

receptor tyrosine kinase that regulates cell proliferation, sur-
vival, and differentiation; its aberrant activation is implicated
in multiple malignancies, and it is clinically targeted by agents
such as erlotinib or gefitinib (Sigismund et al., 2018; Mondal
et al., 2023) . SRC, in contrast, is a non-receptor tyrosine kinase
that modulates signaling pathways controlling tumor growth,
invasion, and metastasis; it is therapeutically targeted by in-
hibitors such as dasatinib, which suppresses SRC-mediated
oncogenic signaling (Araujo and Logothetis, 2010; Martellucci
et al., 2020) .

3.1.2 Enrichment Analysis
Enrichment analysis using Gene Ontology (GO) and KEGG
pathways is a core bioinformatics approach for interpreting
large gene or protein datasets by identifying biologically mean-
ingful patterns (Carbon et al., 2021) . GO enrichment cate-
gorizes genes into structured ontologies-Biological Process,
Molecular Function, and Cellular Component-to determine
which functional themes are statistically overrepresented in a
dataset relative to the genome background. KEGG pathway
enrichment, meanwhile, maps gene sets to curated signaling
and metabolic pathways, enabling the identification of dysregu-
lated biological routes such as cell cycle regulation, apoptosis,
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Table 1. The Most Significant Targets According to Skyline Query Result

Target Degree Closeness Betweenness EigenVector Radiality
HSP90AA1 52.0 0.001733 7099.77 0.2611 7.7635

EGFR 48.0 0.001751 7077.886 0.2599 7.7868
SRC 43.0 0.001652 4464.160 0.2420 7.6550

Figure 3. Top KEGG Pathways Based on The Lowest p-Value

or metabolic reprogramming (Kanehisa et al., 2023) . Together,
GO and KEGG enrichment analyses transform raw gene lists
into interpretable biological insights, highlighting key processes,
molecular functions, and pathways that may underlie a particu-
lar phenotype, disease state, or experimental condition.

Enrichment analyses of HSP90AA1, EGFR and SRC were
performed using Gene ontology and KEGG Pathway databases.
Gene ontology obtained from the 3 targets above included 256
biological processes, 38 for each of cellular component and
molecular function. Based on GO biological process, the three
proteins were found to play a lot of roles in cancer progres-
sion such as regulating protein kinase signal, regulating protein
phosphorylation, intercellular signal transduction and peptidyl-
tyrosine phosphorylation. EGFR and SRC themselves also play
in certain role in cancer progression such as regulating telom-
erase activity, ERBB and ERBB2 signaling pathway, and most
importantly epidermal growth receptor signaling pathway.

Cellular component analysis found that the presence of

the three proteins in the membrane raft, focal adhesion and
intracellular vesicle. Molecular function analysis showed that
these three proteins are contribute in the function of a lot of
protein kinase activity, protein tyrosine kinase activities and
growth factor receptor binding. The top gene ontologies based
on their p-value can be seen in Figure 2.

KEGG pathway analysis from these 3 proteins found 75
pathways. Based on the result, HSP90AA1, EGFR and SRC
contributes in estrogen signaling pathway and chemical car-
cinogenesis. According to KEGG pathways, SRC and EGFR
contribute in a lot of cancer pathways and types, such as bladder
cancer, ErbB signaling pathway, and GnRH signaling pathway.
Top KEGG pathways based on their p-value can be seen in
Figure 3.

Network pharmacology facilitates the prediction of interac-
tions among target proteins, therapeutic compounds, and their
relevance to a specific disease. In this study, a network pharma-
cology framework supported by a Skyline query was employed
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Figure 4. The Superimposition of Native Ligand (Yellow) and the Docked Ligand (Green)

Figure 5. 2D and 3D Structure of Interaction of Bosutinib with
SRC

to identify the key proteins within the compound-derived pro-
tein network and to assess their linkage to the tyrosine kinase
signaling pathway. The network pharmacology results show

that HSP90AA1, EGFR and SRC show to be the most domi-
nant proteins in the network. But Gene ontology and KEGG
pathways show that SRC to be the most associated protein with
cancer progression. Therefore, to confirm activity, we conduct
a molecular docking study between the most dominant protein
SRC with the derivates.

3.2 Synthetic Outcomes of Salicylic Hydrazide Derivatives
(S1–S9)

3.2.1 2-Hydroxybenzohydrazide (S1)
Yield: 73%, m.p = 150◦C. 1H NMR (600 MHz, DMSO-d6) 𝛿

4.58 (s, 2H), 6.78-6.85 (m, 2H), 7.32-7.41 (m, 1H), 7.74 (dd,
J = 8.0, 1.6 Hz, 1H), 10.00 (s, 1H), 12.44 (s, 1H) (Saha et al.,
2010; Zhang et al., 2020) .

3.2.2 N’-Benzoyl-2-Hydroxybenzohydrazide (S2)
Yield: 92%, m.p = 262-265◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.95 (s, 1H), 10.69 (d, J = 8.8 Hz, 2H), 8.02 – 7.87 (m,
3H), 7.61 (t, J = 7.4 Hz, 1H), 7.53 (t, J = 7.6 Hz, 2H), 7.50
– 7.45 (m, 1H), 7.02 – 6.94 (m, 2H). 13C NMR (151 MHz,
DMSO) 𝛿 167.80, 165.61, 159.33, 134.20, 132.33, 131.99,
128.55 (2C), 128.30, 127.51 (2C), 119.08, 117.42, 114.56).
ESIMS (m/z) = 279.0740 [M+Na]+ (C14H12O3N2Na) (Mi-
hailović et al., 2017; Selaković et al., 2024) .

3.2.3 2-Hydroxy-N’-(2-Hydroxybenzoyl) Benzohydrazide
(S3)

Yield: 73%, m.p = 296◦C. 1H NMR (DMSO-d6): 𝛿 6.83–7.34
(m, 8H), 10.5 (s, 2H), 10.87 (s, 2H) (Baashen, 2021; Mogilaiah
et al., 2011) .

3.2.4 2-Chloro-N’-(2-Hydroxybenzoyl) Benzohydrazide
(S4)

Yield: 92%, m.p = 203-205◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.97 (s, 1H), 10.79 (s, 1H), 10.66 (s, 1H), 7.96 (dd, J =
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7.9, 1.5 Hz, 1H), 7.58 (ddd, J = 14.3, 7.7, 1.2 Hz, 2H), 7.53
(td, J = 7.7, 1.7 Hz, 1H), 7.50 – 7.45 (m, 2H), 7.02 – 6.94
(m, 2H). 13C NMR (151 MHz, DMSO) 𝛿 167.40, 165.25,
159.28, 134.37, 134.26, 131.62, 130.52, 129.92, 129.48,
128.39, 127.18, 119.11, 117.41, 114.45. ESIMS (m/z) =
313.0351 [M+Na]+ (C14H11O3N2ClNa) (Hassan et al., 2008) .

Figure 6. 2D and 3D Structure of Interaction of Doxorubicin
with SRC

3.2.5 3,4-Dichloro-N’-(2-Hydroxybenzoyl) Benzohydrazide
(S5)

Yield: 90%, m.p = 241- 242◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.83 (s, 1H), 10.91 (s, 1H), 10.72 (s, 1H), 8.16 (d, J =
1.9 Hz, 1H), 7.97 – 7.89 (m, 2H), 7.83 (d, J = 8.4 Hz, 1H), 7.50
– 7.42 (m, 1H), 7.02 – 6.93 (m, 2H). 13C NMR (151 MHz,
DMSO) 𝛿 167.36, 163.34, 159.02, 134.90, 134.19, 132.58,
131.56, 131.04, 129.45, 128.51, 127.77, 119.13, 117.36,

114.71. ESIMS (m/z) = 346.9961 [M+Na]+ (C14H10O3N2Cl2
Na) (Hassan et al., 2008; Zhao and Burke, 1997) .

3.2.6 2,4-Dichloro-N’-(2-Hydroxybenzoyl) Benzohydrazide
(S6)

Yield: 98%, m.p = 238-241◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.90 (s, 1H), 10.79 (s, 1H), 10.74 (s, 1H), 7.93 (dd, J =
7.9, 1.5 Hz, 1H), 7.76 (d, J = 1.8 Hz, 1H), 7.59 (dd, J = 9.3,
5.0 Hz, 2H), 7.51 – 7.44 (m, 1H), 7.03 – 6.92 (m, 2H). 13C
NMR (151 MHz, DMSO) 𝛿 167.14, 164.33, 160.37, 135.41,
134.74, 134.22, 133.19, 131.79, 130.81, 129.50, 128.46,
127.45, 119.12, 117.35, 114.52, 112.79. ESIMS (m/z) =
346.9961 [M+Na]+ (C14H10O3N2Cl2Na).

3.2.7 (E)-N’-Benzylidene-2-Hydroxybenzohydrazide (S7)
Yield: 90%, m.p = 250-251◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.85 (s, 2H), 8.47 (s, 1H), 7.90 (d, J = 7.8 Hz, 1H),
7.76 (d, J = 6.5 Hz, 2H), 7.56 – 7.38 (m, 4H), 6.97 (dd,
J = 17.7, 8.0 Hz, 2H). 13C NMR (151 MHz, DMSO) 𝛿

164.79, 159.02, 148.73, 134.12, 133.83, 130.29, 128.87
(2C), 128.56, 127.25 (2C), 118.97, 117.28, 115.92. ESIMS
(m/z) = 263.0791 [M+Na]+ (C14H12O2N2Na) (Abdelfattah
et al., 2022; Wang et al., 2011) .

3.2.8 (E)-2-Hydroxy-N’-(2-Methoxybenzylidene) Benzo-
hydrazide (S8)

Yield: 79%, m.p = 173-174◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 12.04 (s, 1H), 11.91 (s, 1H), 8.83 (s, 1H), 7.95 – 7.91
(m, 1H), 7.91 – 7.87 (m, 1H), 7.44 (td, J = 8.2, 1.2 Hz, 2H),
7.11 (d, J = 8.4 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.98 –
6.91 (m, 2H), 3.87 (s, 3H). 13C NMR (151 MHz, DMSO)
𝛿 165.22, 159.70, 157.92, 144.35, 133.91, 131.86, 128.14,
125.65, 122.07, 120.77, 118.82, 117.38, 115.32, 111.89,
55.70. ESIMS (m/z) = 293.0897 [M+Na]+ (C15H14O3N2Na)
(Abdel-Alim et al., 2005; Singh et al., 1984) .

3.2.9 (E)-2-Hydroxy-N’-(4-Hydroxy-3-Methoxybenzylide
ne) Benzohydrazide (S9)

Yield: 97%, m.p = 210-211◦C. 1H NMR (600 MHz, DMSO-
d6) 𝛿 11.72 (s, 3H), 9.59 (s, 2H), 8.35 (s, 3H), 7.90 (d, J =
6.8 Hz, 3H), 7.47 – 7.39 (m, 3H), 7.34 (d, J = 1.4 Hz, 3H),
7.12 (dd, J = 8.1, 1.6 Hz, 3H), 6.95 (dd, J = 16.5, 8.0 Hz,
6H), 6.86 (d, J = 8.1 Hz, 3H), 3.83 (s, 9H). 13C NMR (151
MHz, DMSO) 𝛿 164.64, 159.23, 149.39, 149.27, 148.08,
133.73, 128.36, 125.48, 122.43, 118.88, 117.31, 115.78,
115.49, 109.15, 55.58. ESIMS (m/z) = 309.0846 [M+Na]+

(C15H14O4N2Na) (Kajal et al., 2022; Terracciano et al., 2018) .
The present study demonstrates a clear advancement in

both synthetic efficiency and anticancer relevance of compounds
S1–S9 compared with structurally related scaffolds reported
previously. All compounds were obtained in good to excellent
yields (73–98%) using rapid room-temperature or microwave-
assisted protocols, representing a substantial improvement over
conventional methods that typically require prolonged heat-
ing and harsher conditions. Importantly, this work establishes,
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for the first time, the cytotoxic potential of several of these
scaffolds against A549 lung cancer cells, thereby expanding
their pharmacological relevance beyond previously reported
non-oncological applications.

Compound S1 showed moderate cytotoxicity (IC50 = 218.
56 𝜇M) and was synthesized in only 9 min under microwave
irradiation, a significant reduction compared with the 9–10 h
required in earlier studies (Chaudhary et al., 2010) , which did
not evaluate anticancer activity. Compound S2 emerged as
the most promising candidate, combining high synthetic effi-
ciency (92% yield, 5 min, room temperature) with the strongest
cytotoxicity (IC50= 87.65 𝜇M), highlighting this scaffold as a
particularly attractive lead for further optimization. This repre-
sents a major improvement over previously reported methods
that required harsher reagents and lacked anticancer evaluation
(Mogilaiah et al., 2011) .

Compound S3 exhibited moderate cytotoxicity (IC50 =
150.31 𝜇M), contrasting sharply with the weak antioxidant ac-
tivity reported for related oxadiazoles (Mihailović et al., 2017) ,
indicating that small structural variations and biological con-
text can substantially alter pharmacological behavior. Similarly,
compound S4 combined high yield (92%) with moderate cy-
totoxicity (IC50 = 177.38 𝜇M), while requiring significantly
shorter reaction times than classical synthetic approaches (Zhao
and Burke, 1997) , reinforcing the efficiency and practical ad-
vantages of the present methodology.

In contrast, compounds S7 and S8 displayed weak to mod-
erate cytotoxicity (IC50 = 816.88 and 487.72 𝜇M, respectively),
consistent with previous reports that primarily associated these
scaffolds with non-cytotoxic functions such as sensing or anti-
inflammatory activity. These findings suggest that their struc-
tural features may be less favorable for direct anticancer activity,
providing valuable preliminary structure–activity relationship
insights.

Compound S9 showed moderate cytotoxicity (IC50 = 228.
40 𝜇M) with excellent synthetic efficiency (97% yield, 2 min),
further demonstrating the effectiveness of microwave-assisted
synthesis in rapidly accessing biologically relevant heterocy-
cles. Overall, the identification of S2 as the most active com-
pound, together with the consistent improvement in synthetic
efficiency across the series, underscores the potential of these
scaffolds as promising starting points for the development of
novel anticancer agents. These results not only validate the
synthetic strategy but also establish a previously unrecognized
anticancer profile for this class of compounds.

3.3 Results of Biological Activity and In Silico Studies
To validate the molecular docking protocol, a redocking proce-
dure was conducted by re-docking the co-crystallized ligand
into the active site of the target protein. The superimposition
of the native ligand (yellow) and the redocked pose (green) re-
sulted in an RMSD value of 1.42 Å, indicating good agreement
between the predicted and experimental binding modes. This
RMSD value (<2.0 Å) confirms the reliability and accuracy
of the docking protocol. The corresponding superimposition

Figure 7. 2D and 3D Structures of S5 Compound Interactions
on SRCs

figure for validation of the in-silico study is presented in Figure
4.

From the docking scores presented in table 2, none of the
compounds S1-S9 have a binding energy lower than that of the
native ligand in Proto-oncogene tyrosine-protein kinase Src.
(PDB ID: 4MXX) which is Bosutinib (-8.73699 kcal/mol).
The interaction of Bosutinib with 4MXX involves conven-
tional hydrogen bonds with the amino acid Met341, where
the nitrogen atom of Bosutinib is at a distance of 2.82 Å, and
carbon hydrogen bonds with the carbon atoms of the amino
acids Lys343, Ser342, Ala293, Glu339, Thr338, and Ile336,
as illustrated in Figure 5.

Molecular docking results show that the docking score of
doxorubicin (-8.4817944 kcal/mol) is higher than that of bo-
sutinib (-8.73699 kcal/mol), indicating that doxorubicin is not
significantly better than bosutinib in inhibiting tyrosine kinase.
The interactions formed with doxorubicin against SRCs in-
clude one conventional hydrogen bond between the aromatic
ring of doxorubicin and the amino acid Thr338, as well as four
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Table 2. Summary of In Vitro Cytotoxicity Against A549 Cells and Molecular Docking Scores of Salicylic Hydrazide Derivatives

Compound IC50 (µM)
Docking score

(kcal/mol)

218.56 ± 34.03 -4.95215

87.65 ± 7.96 -6.06909

150.31 ± 20.72 -6.29493

177.38 ± 27.81 -6.45701

68.75 ± 7.25 -6.53468

93.83 ± 7.63 -6.45659

816.88 ± 26.24 -5.73763
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487.72 ± 16.02 -6.49207

228.40 ± 31.84 -6.2512

22.14 ± 4.76 -8.48179

NA -8.73699

hydrogen bonds with Ala390, Asn391, Asp404, and Thr338,
as depicted in Figure 6.

The compounds S1-S9 have docking scores that are higher,
ranging from -8.48179 kcal/mol to -4.95215 kcal/mol. The
docking scores for compounds S1-S9 indicate that they are not
significantly better than bosutinib and doxorubicin in inhibiting
proto-oncogene tyrosine-protein kinase Src. This is consistent
with the in vitro anticancer tests on the human lung cancer
cell line A459, which showed IC50 values greater than that
of doxorubicin. The in vitro testing results are divided into
two categories: the first category includes inactive anticancer
activity (>200 𝜇M) for S1, S2, S4, S7, S8, and S9. The second
category includes moderate anticancer activity (20-100 𝜇M)
for compounds S3, S5, and S6, as summarized in Table 2.

The in-silico docking analysis showed that compound S5
had a favorable docking score of -6.53468 kcal/mol, suggesting
strong binding affinity to tyrosine kinase targets. This result is
consistent with the in vitro cytotoxicity data, where S5 exhib-
ited the highest anticancer activity (IC50 = 68.75 𝜇M) among
the tested compounds. The alignment between computational
predictions and experimental results supports the reliability
of molecular docking in guiding the selection of promising
anticancer candidates. S5 forms one conventional hydrogen
bond with Met341 on SRC and six hydrophobic interactions
with Leu273, Tyr340, Leu393, Lys295, Ile336, and Ala293
on SRC. This interaction is depicted in Figure 7.

The superior anticancer activity of compound S5 can be

largely attributed to the presence of a 3,4-dichloro substitu-
tion on the benzoyl ring. Halogen substitution, particularly
chlorine, is well known to enhance biological activity by mod-
ulating electronic properties, and binding interactions with
protein targets. Electron-withdrawing chloro groups can fa-
vorably alter the electron density of the hydrazide scaffold,
improving ligand–target complementarity and stabilizing key
hydrogen-bonding interactions within tyrosine kinase active
sites (Hernandes et al., 2010) .

In addition, chloro substituents increase molecular lipophilic-
ity, which is often correlated with improved membrane perme-
ability and intracellular target engagement, thereby enhancing
anticancer efficacy (Lipinski et al., 2001) . From a structural
standpoint, chlorine atoms can contribute to hydrophobic and
van der Waals interactions within the ATP-binding pocket of
tyrosine kinases, and may also participate in directional halo-
gen bonding with electron-rich amino acid residues, further
stabilizing the ligand–protein complex (Wilcken et al., 2013) .
Overall, the enhanced activity of S5 highlights the importance
of strategic chloro substitution in optimizing the anticancer
potential of salicylic hydrazide derivatives and supports halo-
genation as a key design strategy in tyrosine kinase–targeted
drug discovery.
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4. CONCLUSIONS

In conclusion, this study successfully synthesized a series of
salicylic hydrazide derivatives (S2–S9) and evaluated their an-
ticancer potential against A549 human lung cancer cells. Inte-
grated network pharmacology and molecular docking identified
SRC as a key target, while in vitro cytotoxicity revealed S5 as
the most moderated promising compound (IC50 = 68.75 𝜇M)
with favorable SRC interactions. These findings advance the
understanding of salicylic hydrazide scaffolds as tyrosine ki-
nase–targeted anticancer agents. Future studies should focus
on structural modification of S5 to enhance potency and selec-
tivity, as well as in vivo evaluation to validate its therapeutic
potential.
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