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ABSTRACT

Esophageal cancer (EC) is a cancer with high lethality and poor prognosis, and it was responsible for the death
of 0.54 million people in 2020. Its treatment is often challenged by the side effects of the drugs used and the
development of resistance mechanisms by EC cells. In this study, the potential of rosmarinic acid (RA) to
serve as a therapeutic regimen for the treatment of EC was evaluated using network pharmacology approach.
Firstly, the putative targets of RA were identified using small molecule target prediction platforms, while the
genes commonly dysregulated in EC were identified by microarray data analysis. Subsequently, common
targets were identified and their interaction network was delineated using the STRING database, while the
core targets of the network were identified using the CytoHubba plug-in of Cystoscope. Further analysis
conducted included the gene ontology, pathways enrichment analysis, and molecular docking of RA with the
core targets. The results of the study revealed that CDK2, CHEK1, ERBB2, GSK3f, HSP90AA1, MMP9,
NFKBI1, and STAT1 to be the core targets via which RA might exhibit its anti-EC potential, and the molecular
function mediated by these core targets include ATP binding and protein kinase activity. Critical pathways
such as the interleukin-17 and PI3K-Akt signaling pathways which are commonly dysregulated in EC were
also identified as the pathways RA may restore. Molecular docking simulation also revealed RA possess high

binding affinities for the core targets. Ultimately, further confirmation of the anti-EC activity of RA should
be conducted in experimental studies.

Copyright © 2025 Amjad I. Oraibilal. is is an open access article distributed under the Creative Commons Attribution License, which permits use, distribution, and

reproduction in any medium, provided the original work is properly cited.

1. Introduction

Esophageal cancer (EC), a form of malignancy that develops in the
esophagus, is the sixth and seventh leading cause of cancer global
mortality and morbidity, accounting /for 0.54 million deaths in 2020
(Chatterjee et al., 2023; Mazidimoradi et al., 2023). Esophageal
squamous cell carcinoma (ESCC) and esophageal adenocarcinoma
(EAC) are the major subtypes of EC, with each differing in the parts
of the body in which they occur. Typically, ESCC affects the upper
and middle portions of the esophagus, while EAC primarily arises in
the lower esophagus, often at the junction with the stomach (Chatterjee
et al., 2023). Interestingly, there exists another rare but aggressive
subtype of esophageal cancer, namely, small cell esophageal
carcinoma (SCC) (Jeene et al., 2019). It occurs in different parts of the
body, including salivary glands, hypopharynx, esophagus, stomach,
large and small intestine bladder, breast, and skin (Chatterjee et al.,
2023). The treatment of EC often involves the use of chemotherapy,
radiotherapy, targeted therapy, and immunotherapy, sometimes, these
approaches are often together or in isolation (Obermannova et al.,
2022; Chatterjee et al., 2023).

Chemotherapy is the first-line treatment for EC, with
doxorubicin, cisplatin, and 5-fluorouracil among the most widely used
chemotherapy drugs (He et al., 2021). However, their usage is often
limited by the associated toxicity and drug resistance, hence,

prompting the need for the development of newer therapeutics (\Vrana
etal., 2018). Over the years, medicinal plants have been recognized as
a repertoire of compounds with numerous pharmacological properties,
and have served as an attractive source for the identification of
compounds that can be developed into therapeutic regimens for cancer
treatment (Ogbodo et al., 2023). Exemplifying such compounds is RA,
which has been reported to possess a panoply of pharmacological
properties including anticancer, anti-inflammatory, antioxidant, and
neuroprotective properties (Guan et al., 2022).

Notably, RA has shown cytotoxic and antiproliferative effects on
triple-negative breast cancer cell lines and has been reported to inhibit
microtubule affinity-regulating kinase 4, a protein linked to cancer
progression (Anwar et al., 2020; Messeha et al., 2020). In a study by
Rodriguez-Luna et al, they demonstrated that RA in combination with
fucoxanthin mitigated UVB-induced apoptosis and inflammation via
the downregulation of inflammasome components including NLRP3
and ASC, while upregulating NFR2 and HO-1 in human HaCaT
keratinocytes, a UV radiation-induced skin cancer model (Rodriguez-
Luna et al., 2019). Also, Ghiula et al reported RA induced apoptosis
and autophagy in breast cancer cells, with the most pronounced effect
noticed in estrogen-dependent MCF7 cells (Ghiulai et al., 2020).
These findings suggest that RA can effectively target key mechanisms
of cancer cell proliferation and survival. Given that esophageal cancer
shares molecular characteristics such as the overexpression of proteins
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that drive cell cycle progression and resistance to apoptosis with other
aggressive cancers (The Cancer Genome Atlas Research Network,
2017), we hypothesized that RA’s anticancer properties might extend
to EC. Specifically, RA’s ability to modulate kinase activity and affect
cellular pathways associated with uncontrolled cell growth positioned
it as a promising candidate for further exploration in EC treatment
(Czerwinska and Radziejewska, 2024). However, studies evaluating
its potential therapeutic effect on EC are lacking.

In this study, the potential of RA to serve as a viable compound for the
treatment of EC via multitarget inhibition was evaluated using
network pharmacology and molecular docking. It is worth noting that
network pharmacology is an approach that allows for the exploration
of the polypharmacological properties of compounds, providing a
systems-level understanding of how a single compound can interact
with multiple targets within cancer-related pathways (Liu et al., 2024).
This approach is particularly relevant for complex diseases like EC,
where multiple molecular pathways converge to drive tumor
progression and resistance to treatment (Berger and Mardis, 2018). To
complement this, molecular docking was employed to assess the
binding affinity and interaction profile of RA, to gain structural
insights into its interactions with critical cancer-associated targets .
This combined approach enabled a comprehensive evaluation of RA’s
therapeutic potential against EC, especially in light of its previously
documented inhibition of kinases and anti-inflammatory properties
(Czerwinska and Radziejewska, 2024).

This study revealed that RA could exert therapeutic effects in EC by
targeting key proteins including GSK33, HSP90AAI1, and NF«B.
Furthermore, potential pathways and biological processes involved in
RA’s anticancer activity were also identified, offering novel insights
into its mechanism and supporting its exploration as a multi-targeted
therapeutic candidate for EC.

2. Materials and Methods

2.1. Compound retrieval and target prediction

The three-dimensional structure (3D) and the Simplified Molecular
Input Line Entry System (SMILES) of RA were retrieved in structure
data format (SDF) from the  PubChem  database
(https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2023). Subsequently,
the putative targets of the compound were identified by utilizing small
molecule target prediction servers including PharmMapper
(http://www.lilab-ecust.cn/pharmmapper/) (Wang et al., 2017),
SwissTargetPrediction (Daina et al., 2019), Similarity Ensemble

Approach (https://sea.bkslab.org[) (Keiser et al., 2007), and canSAR
Black (https://cansarblack.icr.ac.uk/) (Mitsopoulos et al., 2021).

2.2. Gene expression analysis

The genes whose expression is dysregulated in the development and
progression of esophagal cell adenocarcinoma, esophageal squamous
cell carcinoma, and small cell esophageal carcinoma were identified
by retrieving their respective microarray data from the Gene
Expression Omnibus (GEO) database. Notably, microarray data on
esophageal cell adenocarcinoma were retrieved using GSE26886 and
GSE92396 (Wang et al., 2013), while microarray data on esophageal
squamous cell carcinoma were retrieved using GSE20347 and
GSE26886 (Hu et al., 2010; Wang et al., 2013). Furthermore,
microarray data on small cell esophageal carcinoma was retrieved
using GSE111044 (Liu et al., 2018). Following the retrieval of the
gene expression data, GEO2R, a web-based R programming language
program was employed for the identification of the differentially
expressed genes (DEGs), with the settings kept default. The
statistically significant DEGs were selected based on p <0.05, |log

FC|> 1 (Omoboyede et al., 2023). Subsequently, the DEGs in
esophageal cell adenocarcinoma were identified by finding the
intersecting DEGs of GSE26886 and GSE92396, while that of
esophageal squamous cell carcinoma were identified by finding the
intersecting DEGs of GSE20347 and GSE26886. Ultimately, the
DEGs identified in esophageal cell adenocarcinoma, esophageal
squamous cell carcinoma, and small cell esophageal carcinoma were
unionized and taken for further analysis.

2.3. Identification of overlapping genes

The targets of RA that were also present in the DEGs from the previous
step were identified by employing Venny 2.0 WebServer (Oliveros,
2007).

24. Protein-protein interaction network analysis and hub gene
identification

The Search Tool for Retrieval of Interacting Genes (STRING)
database v11.5 was employed to study the interaction between the
identified overlapping genes. Notably, the organism of interest was
selected as homo sapiens with a high confidence score of “0.70”.
Afterwards, the interaction network was visualized using the
Cytoscape v3.10.2 software (Shannon et al., 2003), and the
CytoHubba plug-in was thereafter utilized to identify the hub genes of
the networks based on six different features of the plug-in, which
include the degree of interactions, closeness, radiality, edge percolated
component (EPC), maximal clique centrality (MCC), and maximum
neighborhood component (MNC) (Chin et al., 2014; Olukunle et al.,
2023).

25. Gene Set Enrichment Analysis

The hub genes identified from the previous step were functionally
annotated using shinyGO \% 0.76.2
(http://bicinformatics.sdstate.edu/go/) (Ge et al., 2020). The gene
ontology was performed based on the biological process, cellular
component, and molecular function, while the pathways were also
identified via the Kyoto Encyclopaedia genes and genomes pathway.
Ultimately, the built-in visualization tool of the Webserver was
utilized for the plotting of the significant gene ontology and pathways.

2.6. Molecular Docking Simulation

The affinity of RA for the core targets of the PPI network was studied
by molecular docking simulation. Notably, the 3D structures of the
core targets including CDK2, CHEK1, ERRB2, GSK3p, HSP90AA1,
MMP9, and STAT1 were retrieved from the Protein Databank (PDB)
in PDB format, while NFKf1 was predicted using the structure using
the |-TASSER webserver (https://zhanggroup.org/I-TASSER/)
(Yang and Zhang, 2015). The 3D structures of CDK2, CHEKI,
ERRB2, GSK3f, HSP90AA1, MMP9, and STATI1 were retrieved
using their respective PDB IDs which are 6GUE, 2HOG, 3PP0, 1Q41,
7UR3, 1GKC, and 1YVL (Rowsell et al., 2002; Bertrand et al., 2003;
Mao et al., 2005; Fraley et al., 2006; Aertgeerts et al., 2011; Wood et
al., 2019; Mishra et al., 2022), respectively, while the primary
structure of NFKB1 was retrieved from the UniProt database with the
UniProt ID “P19838” (Bateman et al., 2023). Following the retrieval
of the structures, they were imported into the interface of Schrodinger
Maestro 13.9 for preparatory procedure: using the LigPrep module, the
structure of RA was prepared by utilizing the OPLS3e force field for
structural optimization, while the protein structures were prepared
using the protein preparation wizard. The protein preparatory steps
included the addition of explicit hydrogens, water molecules deletion,
het states generation at pH 7.0 + 2.0 and PROPKA-based optimization
of the protein structure, and the ultimate minimization of the structures
using OPLS3e force field with the root mean square deviation
(RMSD) value of heavy atoms set to 3.0 (Ogbodo et al., 2023).
Thereafter, the receptor grid generation was used for the identification
of the binding pockets of the proteins with co-crystalized ligands,
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while the SiteMap tool was used for that of NFKp1. Finally, the Glide
tool of Maestro was utilized to perform the molecular docking
simulation using the standard precision (SP) and extra precision (XP)
algorithms of the same tool, using capecitabine as the standard drug.

3. Results

3.1. RA's potential therapeutic targets in esophageal cancer

A total of 420 unique targets were retrieved as putative targets of RA
from the target prediction platforms. These targets include the caspase-
6, peroxisome proliferator-activated receptor gamma, and insulin-like
growth factor binding protein 3 among many others. Gene expression
analysis revealed 1236 DEGs in esophageal cell adenocarcinoma,
while 1116 and 6238 DEGs were identified in esophageal squamous
cell carcinoma and small cell esophageal carcinoma, respectively.
Specifically, 1484 and 5878 DEGs were identified from GSE92396
and GSE26886, respectively for esophageal cell adenocarcinoma,
1353 and 6013 DEGs were identified from GSE20347 and GSE26886,
respectively, for esophageal squamous cell carcinoma, while all DEGs
identified for small cell esophageal carcinoma were identified from
GSE111044. Overall, the unification of the DEGs across the subtypes
revealed 4790 unique DEGs. Ultimately, 130 targets were identified
as probable targets of RA in esophageal cancer. Figures 1A and 1B
depict the Venn diagram plots for the intersecting target identification
and the structure of RA, respectively
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Figure 1: A) Venn diagram showing the identification of the targets
of RA in esophageal cancer. B) The structure of RA. The circles
colored blue and yellow shows the number of targets unique to
esophageal cancer and RA, respectively, while the intersection shows
the number of targets common to both.

3.2. Network analysis and core target prioritization for RA in
esophageal cancer

The interaction network revealed the proteins that 108 out of the 130
targets interacted with each other in the biological system.
Specifically, the network contained 108 nodes and 247 edges, a PPI
enrichment value of < 1.0e-16, and average local clustering coefficient
of 0.437. This shows that the interactions between the proteins are not
random and indicate a connection in the biological milieu. The core
targets of the PPI network included CDK2, CHEK1, ERBB2, GSK3,
HSP90AAL, MMP9, NFKf1, and STAT1. Notably, these core targets
were selected based on their consistent presence in at least four of the
six algorithms that were utilized for core targets. These algorithms
include the degree of interactions, closeness, radiality, edge percolated
component (EPC), maximal clique centrality (MCC), and maximum
neighborhood component (MNC). Figure 2 depicts the top ten core
targets identified based on each of the algorithms.

3.3. Gene Set Enrichment Analysis

Gene ontology revealed the selected core targets were involved in
different processes in the biological milieu: the biological processes
mediated include phosphorylation, polysaccharide biosynthesis
process, developmental growth, and response to oxygen-containing
compounds, among others. Also, the molecular function includes ATP
binding, kinase activity, protein serine/threonine/tyrosine kinase
activity, and protein phosphatase binding, among others, while the
cellular includes secretory granule, centrosome, insulin-like growth
factor ternary complex, and cyclin A2-CDK2 complex. Furthermore,
the targets are enriched in pathways including pathways in cancer,
interleukin-17 and PI3K-Akt signaling pathways, growth hormone
synthesis secretion and action, among others. Figure 3 depicts the
visualization of the top twenty GO terms and pathways

34. Molecular Docking Simulation

As evident in Table 1, RA was found to possess high affinities for the
selected targets as evident from its docking scores. Also, it interacts
with amino acids present in the active sites of the targets. As evident
in Table 1, RA exhibited high affinities for all the selected core targets
in comparison with capecitabine, which is an approved
chemotherapeutic drug. Of all the targets, RA was found to possess
the lowest affinity for STATL.

Table 1: The docking scores of RA against the selected core targets.

Docking  Score

Protein Compound (kcal/mol)
RA -6.896
CDk2 Seliciclib -9.003
RA -6.602
CHEK1 Prexasertib -8.925
RA -5.061
ERBB2 Lapatinib -11.689
RA -8.655
GSK3p CHIR-99021 -6.413
RA -8.252
HSPOOAAL Geldanamycin -6.8
RA -8.055
MMP9 Marimastat -9.148
RA -7.152
NF-kB1 BAY 11-7082 -3.240
RA -4.965
STAT1 Fludarabine -5.060

The two-dimensional (2D) interaction of RA with the proteins are
depicted in Figure 4. Evidently, RA interacted with several amino acid
residues present in the active site of the proteins via numerous
interactions including hydrogen bond, hydrophobic interactions,
charged interactions, and polar interactions. Overall, RA was found to
exhibit higher binding affinities for the targets compared to
capecitabine.

4, Discussion

EC remains one of the deadliest cancers and it constitutes a major
public health burden due to its high morbidity and mortality. Hence,
the need to develop therapeutic modalities to combat its scourge is of
high importance. This study aimed to evaluate the potential of RA as
a candidate for EC treatment through multitarget inhibition using
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network pharmacology and molecular docking.

RA has been reported to possess a plethora of
pharmacological properties including anticancer, anti-inflammatory,
and antioxidant properties (Guan et al., 2022). Hence, it is an attractive
compound for anticancer drug discovery odysseys, particularly in
diseases like EC, where effective multi-targeted therapies are lacking.
Consequently, this study explored its potential to interact with critical
mediators of EC development and progression, ultimately providing a
comprehensive understanding of how it might contribute to anticancer
efficacy.

Generally, the core targets with which RA is capable of
interacting were found to be critical mediators of the development and
progression of EC. CDK2, which plays a major role in cell cycle
regulation, has been reported to be dysregulated in EC, and its
inhibition has been reported to arrest the growth of EC (Chen et al.,
2023). In this study, RA was found to be capable of interacting with
the critical residues of the ATP binding site of CDK2: these residues
include LYS33, GLU51, PHES80, LEU83, HIS84, GLN85, ASP86,
and ASP145 (Li et al., 2015). It is worth noting that the inhibition of
the critical residues of the ATP-binding site will result in the
prevention of the binding of ATP and subsequent phosphorylation of
its target proteins, hence, interrupting the downstream signaling
pathways involved in cell proliferation and differentiation (Li et al.,
2015). Interestingly, a study by Zhou et al found that benzydamine-
mediated inhibition of the activity of CDK2 decreased the

phosphorylation of MCMZ2, retinoblastoma, and c-MYC proteins
(Zhou et al., 2023). Hence, RA might exhibit anti-EC activity by
modulating CDK?2 activity as previously reported in a study by Zhou
et al based on their results on RA’s anti-pancreatic cancer activity
(Zhou et al., 2022).

Similarly, the inhibition of GSK3f in ESCC has been reported to
induce cell cycle arrest at the GO/G1- and G2/M-phases, downregulate
the expression of cyclin D1 and CDK4, and upregulate the expression
of cyclin B1 (Bolidong et al., 2020). RA was found to interact with
GLN-185, LYS-183, ILE-62, ASN-186, ARG-141, VAL-135, and
ASP-133 which have been observed to be conserved across inhibitors
of GSK3p which have been reported in some studies (Smith et al.,
2001; Witherington et al., 2003).

Further analysis of the potentials of RA reveals that it
might be involved in the simultaneous activation and inhibition of
some proteins in EC: STAT1, which plays tumor suppressive roles and
apoptotic roles in cancer, has been reported to be frequently
downregulated in ESCC, and its downregulation is correlated with
poor prognosis (Zhang et al., 2014). In the context of the current study,
RA could potentially function in the enhancement of STATI1-
dependent gene activation, which might contribute to the exertion of
tumor-suppressive functions. Also, RA might exhibit the inhibition of
MMP9 which has been reported to play a significant role in EC
progression and metastasis. Specifically, MMP9 promotes tumor
angiogenesis and hematogenous metastasis by degrading type 1V



collagen and promoting VEGF expression (Wang et al., 2023).
Different scaffolds of RA were found to interact with the amino acid
residues of MMP9 via hydrogen bond formation with LEU188,
ALA191, and ALA417, as well as hydrophobic interactions with
PHE110, LEU187, LEU188, ALA189, ALA191, LEU397, VAL398,
ALA417, LEU418, TYR420, PRO421, MET422, and TYR423.
Interestingly, a study by Liu et al. also reported the interaction of the
hit compounds of their study with some of the aforementioned amino
acid residues (Liu et al., 2021). Other selected core targets also play a
vital role in cancer progression: the upregulation of HSP90AAL has
been reported to reduce the sensitivity of osteosarcoma cells to
chemotherapy, inhibit apoptosis, and promote autophagy, through the
PI3K/Akt/mTOR pathway (Xiao et al., 2018). Interestingly, this
pathway was identified via KEGG pathways enrichment analysis as
one of the pathways via which RA could potentially mediate its
therapeutic effect. Notably, the PI3K/Akt pathway promotes cell
survival, proliferation, and metastasis by enhancing their motility and
invasiveness (Luo et al., 2022). RA could function in the deactivation
of the pathway via the modulation of the core targets. Another pathway
viawhich RA could exert its therapeutic function is the IL-17 pathway,
which has been reported to promote the invasiveness of EAC via its
pro-inflammatory ability, which leads to the generation of reactive
oxygen species and the expression of NF-kB1, which in turn mediate
the activation of MMP-9 and MMP-9 (Liu et al., 2017). RA could
potentially downregulate the expression of NF-kB1, whose
hyperactivation correlates with the invasion of ESCC (Lehman et al.,
2018). Interestingly, RA interacts with residues in the active site of the
NF-kB1, including hydrogen bonds with ASP185, ARG230, and
SER242, while also forming hydrophobic interactions with PHE227,
LEU231, ALA238, ILE239, ILE252, TYR285, and VAL293. This
phenomenon might prevent NF-xB1 from activating genes involved in
biological processes including cell proliferation and survival,
angiogenesis, and metastasis (Li et al., 2024).

Of all the aforementioned key targets, RA was found to have a higher
binding affinity for NF-kB1, HSP90AA1, and GSK3p compared to
standard compounds that have been well validated against them,
suggesting that it will exert its major therapeutic effect via this route.

5. Conclusion

This study presents rosmarinic acid as a potential multi-targeted
therapeutic candidate for esophageal cancer. Via its interaction with
core proteins such as G CDK2, GSK3p, STAT1, MMP9, HSP90AAL,
and NF-kB1, rosmarinic acid may inhibit mechanisms involved in
esophageal cancer progression, including cell cycle regulation,
angiogenesis, metastasis, and inflammatory signaling. Results from
the pathway enrichment analyses further suggest that RA could disrupt
the PI3K/AKkt and IL-17 pathways, which are frequently dysregulated
in EC. Also, molecular docking studies indicate rosmarinic acid’s
higher affinity for NF-kB1, HSP90AA1, and GSK3p compared to
well-validated inhibitors, highlighting its potential as a leading
candidate for further in vitro and in vivo validation. Overall, the
findings of this study provide scientific rationale for future
experimental studies exploring RA’s anti-EC properties and contribute
to the ongoing search for effective natural compounds in cancer
therapeutics.
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