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ABSTRACT

Objective: The research objective is to explore the potential for synergistic inhibition of two curcumin analogs combined with 5-fluorouracil (5-FU)
against the B-cell lymphoma 2 (BCL-2) protein.

Methods: We investigated the synergistic inhibition of two curcumin analogs, namely, (1E,4E)-1,5-bis(4-hydroxyphenyl)penta-1,4-dien-3-one
(ACO01) and (1E,4E)-1,5-bis(3,4-dihydroxyphenyl)penta-1,4-dien-3-one (AC02), each combined with 5-FU by calculating their binding free energies
and binding stability. An in silico investigation of the synergistic interaction of ligand pairs was conducted using the multiple ligand simultaneous
docking (MLSD) technique with the AutoDock Vina package. The stability of interactions and binding free energies of each BCL-2 and curcumin
analogs were examined by applying molecular dynamics techniques with the Gromacs package and MMPBSA method.

Results: All ligand pairs had displayed strong binding affinity, as evidenced by highly negative free energy values, indicating a robust association
with BCL-2. Molecular dynamics simulations were conducted over 100 ns, confirming good stability with controlled RMSD changes, suggesting that
the ligand pairs had remained securely bound to the BCL-2 binding site. Additionally, RMSF analysis and energy decomposition had revealed that
ligand interactions did not influence protein residue fluctuations during the simulation, and the protein-ligand complexes had maintained stability
throughout the simulation. Furthermore, binding free energy calculations using the MMPBSA method had consistently shown negative values,
signifying stable interactions with BCL-2 for all ligand pairs.

Conclusion: In conclusion, our study revealed that ACO1 and AC02, when combined with 5-FU, had the ability to intercalate into the P2 and P4 sites
of BCL-2. This suggested that ACO1 and AC02 held promise for further study as candidates for anticancer drugs, individually or in combination with
5-FU.
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INTRODUCTION

B-cell lymphoma 2 (BCL-2) is a crucial protein in the regulation of
apoptosis, maintaining homeostasis and eliminating damaged cells [1].
BCL-2 can inhibit cysteine protease executioners that drive cell death,
known as caspases [2]. Treatment with 5-fluorouracil (5-FU) has been
found to trigger apoptosis in breast cancer cell lines, partly by its
ability to disrupt the function of BCL-2 [3]. The use of 5-FU in cancer
therapy has been extensively studied. Combining 5-FU with
doxorubicin and paclitaxel has been shown to enhance caspase-
dependent apoptosis in breast cancer cell lines [4]. Therefore, 5-FU
therapy has the potential to disrupt BCL-2 function and induce cancer
cell death [5]. In colorectal cancer cells, the stabilization of BCL-2 by
paxillin has been found to confer resistance to 5-FU [6]. However, a
study has shown that additional inhibition of BCL-XL, another anti-
apoptotic member of the BCL-2 family, enhances the effectiveness of 5-
FU in colorectal cancer [7]. In breast cancer cells exposed to low-dose
a-ionizing particles, 5-FU has been shown to induce apoptosis by
regulating the expression of Bax, Bcl-xL, and NF-xB [3].

Additionally, 5-FU has also been studied in combination with
Lapatinib, known as a dual inhibitor of EGFR and HER2 [8]. Lapatinib,
a dual EGFR and HER?2 inhibitor, has been found to have a synergistic
effect with 5-FU in esophageal carcinoma with HER2 amplification [9,
10]. The combination of Lapatinib and 5-FU has emerged as a
promising treatment option for this type of cancer [11]. Lapatinib is a
dual tyrosine kinase inhibitor that simultaneously inhibits EGFR and
HER2 by reducing their phosphorylation, making it a promising choice
for combination therapy with 5-FU [12].

Curcumin is a natural compound derived from turmeric that has
potential anti-cancer properties. However, it is low bioavailability
and limited stability have led to the development of analogs with
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improved characteristics [13]. Some examples of curcumin analogs
and their potential anti-cancer effects are (0]
bisdemethoxycurcumin, demethoxycurcumin, and
dimethoxycurcumin. These are four different curcumin analogues
that have shown anti-cancer effects on human glioma cells [14]; (ii)
aonocarbonyl analogs. A study showed that the curcumin analog 1e
is a promising agent against colorectal cancer, with improved
stability and efficacy/safety [13]; (iii) PAC. This curcumin analogue
has demonstrated potential as an anti-breast cancer agent [15]; (iv)
Capsaicin, chlorogenic acid, ferulic acid. These are curcumin analogs
with a higher bioavailability and wide-spectrum pharmacological
activity that have shown potential as anti-breast cancer agents [16].

In this research, we intention was to explore the anti-cancer synergetic
potential of (1E4E)-1,5-bis(4-hydroxyphenyl)penta-1,4-dien-3-one
(AC01) and (1EA4E)-1,5-bis(3,4-dihydroxyphenyl)penta-1,4-dien-3-
one (AC02) in combination the 5-FU, a common chemotherapeutic
drug. We will also individually compare their potential as anti-cancer
agents using an in silico approach by utilizing multiple ligand
simultaneous docking (MLSD) and molecular dynamics. This
methodology entails the simultaneous inclusion of multiple substrates
within the active site of BCL-2, thereby offering a more faithful
depiction of biochemical processes. This approach allows us to
comprehend how various ligands, including the combination of 5-FU
pairs with curcumin analogs, collaborate when interacting with BCL-2.
This approach can provide valuable insights into these compounds’
potential mechanisms of action and efficacy.

MATERIALS AND METHODS
Data collection

The data collection process for this study involved retrieving the
molecular structures of AC01, AC02, 5-FU, and lapatinib (collectively
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referred to as FMM) from the chemical databases of the National
Library of Medicine, specifically from
https://pubchem.ncbi.nlm.nih.gov/. This encompassed both the 2D
structures and molecular coordinates of the compounds' 3D
molecular structures. Furthermore, the 3D structures of the BCL-2
protein were generated using the homology modeling technique,
utilizing the Swiss Model tool, which was accessible at
https://swissmodel.expasy.org/. We had selected a model based on
various criteria, including a high degree of similarity, a lower
Ramachandran outlier score, a favorable Ramachandran score, a
lower clash score, and MolProbity [17].

Multiple ligand simultaneous docking

The molecular docking process commenced with the validation of
the BCL-2 protein's binding site as the target. This validation
involved the utilization of the comparison of binding poses
technique, where the predicted binding pose of the re-docked ligand
was juxtaposed with the experimentally determined binding pose
identified within the crystal structure [18]. Subsequently, the
alignment and similarity between the re-docked pose and the
crystallographic pose were meticulously evaluated to verify the
precision of the binding site [19, 20].

The ligand preparation was carried out using Open Babel [21] and
AutoDockTools [22]. The preparation of the protein target, including
the addition of hydrogen atoms and partial charges, was performed
using Discovery Studio Visualizer 2022. The definition of the binding
site or active site on the BCL-2 protein where the native ligand binds
was also accomplished using Discovery Studio Visualizer 2022.

Molecular docking simulations were carried out using AutoDock Vina
version 1.2.5 [23], encompassing both individual ligand docking and
multiple ligand simultaneous docking (MLSD) within the binding site
of the BCL-2 protein. Individual docking was performed for the native
ligand of the BCL2 protein, AC01, AC02, 5-FU, and FMM ligands. In
addition, the MLSD technique was employed for the ligand pairs 5-
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FU+AC01, 5-FU+AC02, and 5-FU+FMM following Vina's MLSD
procedures [24]. The analysis of binding affinity and binding poses
was executed using Discovery Studio Visualizer 2022 to elucidate the
interactions between the protein and ligands. This involved the
analysis of interaction patterns, such as hydrogen bonding,
hydrophobic interactions, and - stacking [25].

Multiple ligand simultaneous molecular dynamics

The most promising protein-compound(s) complexes were
identified from the docking results for subsequent molecular
dynamics simulations. The molecular dynamics simulations were
performed using the GROMACS software [26]. The analysis of the
molecular dynamics outcomes included the assessment of complex
stability, conformational changes, and binding free energy
calculations using the MMPBSA and MMGBSA methods through the
GMX-MMPBSA software [27].

Synergistic effects analysis

Synergistic effects were investigated in silico by conducting docking
of ACO1 and ACO2 in combination with 5-FU into the active site of
the BCL-2 protein. The docking results, including binding affinities
and interaction patterns, were compared both among the
compounds in combination and also with the results obtained from
individual docking simulations.

RESULTS
Data collection and preparation

The molecular structures of 5-FU, ACO1, AC02, and FMM were
obtained from the National Library of Medicine's databases, as
shown in fig. 1. The 3D structure of the BCL-2 protein was
successfully generated through homology modeling using the Swiss
Model tool. The selected model used the BCL-XL structure as a
template based on its high structural similarity to the target BCL2
protein, as demonstrated by the 97.85% sequence identity.

(d)

Fig. 1: The chemical structures of (a) 5-FU, (b) AC02, (c) AC01, and (d) FMM

The accurate representation of molecular structures was essential
for the subsequent stages of this study, which involved molecular
docking, binding affinity calculations, and molecular dynamics
simulations. The selected structures laid the foundation for
exploring the interactions between AC01, AC02, 5-FU, and Lapatinib
with the BCL-2 protein.

Molecular docking

The overlay of 1X] (native ligand) between the crystallographic pose
and docking pose, as well as the comparison of BCL-2 residues in
their interaction with 1X] in molecular docking simulations in this
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study, was depicted in fig. 2. From this figure, it could be concluded
that redocking 1X] had effectively validated the docking method,
thus demonstrating its applicability for docking test ligands.

The core objective of this study was to explore the potential
synergistic interactions between active compound pairs employing
molecular docking. The outcomes of the molecular docking
simulations unveiled significant insights into the interplay between
various ligands and the BCL-2 protein. These interactions were
quantified through binding affinity values, providing a measurable
gauge of the strength of binding between individual ligands and the
protein.
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Fig. 2: Overlay of the 1X] chemical structure in crystallographic form (blue carbon) and from the redocking result (grey carbon) (a), the
crystallographic (b) and the re-docked (c) pose of 1X]J in binding with the BCL-2 active site
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Table 1: Outlines the binding affinity values acquired from the docking simulations

No. Ligand Binding Affinity (kcal/mol)
1 5-FU+AC01 -11.20

2 5-FU+AC02 -10.83

3 5-FU+Lapatinib -11.38

4 5-FU -4.84

5 ACO1 -6.98

6 ACO2 -7.09

7 Lapatinib -8.97

8 1X] (native ligand) -10.62

From the presented data, a compelling pattern emerged; ligand pairs
like 5-FU+AC01, 5-FU+AC02, and 5-FU+Lapatinib exhibited
remarkable binding affinities of-11.20,-10.83, and-11.38 kcal/mol,
respectively. These findings underscored robust interactions
between these ligand pairs and the BCL-2 protein, potentially
indicative of pronounced binding stability. In contrast, individual
ligands, namely 5-FU, AC01, and AC02, displayed relatively modest
binding affinities with values o0f-4.84,-6.98, and-7.09 kcal/mol,
respectively. These less intense affinity values may have implied
weaker and less stable associations with the protein.

Considered independently, lapatinib garnered a binding affinity of-8.97
kcal/mol, indicating intermediate interaction strength with the BCL-2
protein. Additionally, the reference native ligand, 1X], yielded a binding

affinity of-10.62 kcal/mo], offering a basis for comparing the interactions
of other ligands. The findings from these docking simulations provided a
glimpse into the plausible interactions between assorted ligands and the
BCL-2 protein. The quantified binding affinity values furnished insights
into the vigor of these interactions.

In summary, 5-FU in combination with AC01 and ACO02, in addition
to showing hydrophobic interactions with P2, also formed hydrogen
bonds with the ALA142 residue, one of the hot spot residues in P2 of
BCL2. On the other hand, the hydroxyphenol groups of ACO1 and
ACO02 formed hydrogen bonds with ALA93, in addition to
hydrophobic and other interactions. Lapatinib, both individually and
in combination with 5-FU, did not show direct interactions with the
BCL-2 binding site (fig. 3).

Fig. 3: Molecular interaction of (A) 5-FU+AC01 and (B) 5-FU+AC02 with BCL-2 active site

Simultaneous molecular docking simulations involving dual ligands
showed how these ligands intercalated at the BCL-2 binding site.
Combinations of 5-FU+AC01 and 5-FU+AC02 exhibited "shared
binding site" behavior, similar to Navitoclax and its analogs, filling
both P2 and P4 as single compounds. 5-FU occupied the P2 hot spot
of BCL-2, meaning it "replaced" the position of the chloro-biphenyl
group from Navitoclax, while one of the phenol groups from AC01
(and AC02) intercalated into P4, replacing the thio-phenyl group.

Lapatinib behaved differently in both single and combination
docking. Lapatinib, by occupying the P2 site of BCL-2 with its
sulfonamide group and the P4 site with a chloroaniline group, had
the ability to fill the binding site. This was possibly due to the larger
molecular size of Lapatinib compared to AC01, AC02, or 5-FU,
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allowing Lapatinib to reach both active sides of BCL-2. However,
Lapatinib's ability to fill the binding site may not have been specific
to BCL-2 due to the potential properties of the sulfonamide and
chloroaniline groups not responding to BCL-2's biological function.
This could have been illustrated by the visualization of the docking
results (fig. 3), which showed that the sulfonamide and chloroaniline
groups did not interact with BCL-2 residues, including hydrogen
bonding, hydrophobic, or other non-covalent interactions.

Based on the docking results, it was also observed that the
combination of 5-FU with ACO1 and AC02 occupied the same binding
site as FMM (fig. 4). This demonstrated the potential synergy
between 5-FU and compounds AC01 and ACO02 in suppressing cancer
cells by binding more effectively to BCL-2.
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Fig. 4: Overlay conformation of (A) 5-FU+ACO01 (blue-pink) with FMM (green) and (B) 5-FU+AC02 (blue-pink) with FMM (green) on BCL-2
active site

Molecular dynamics

In this study, we conducted a 250-nanosecond (ns) MD simulation to
depict the dynamic behavior of a system involving a protein and two
different ligand molecules. The system consisted of three complexes:
BCL2 with the ligand pairs 5-FU+ACO01, 5-FU+AC02, and 5-FU+FMM,
using the best results from AutoDock Vina as the starting point for
the MD simulation. Before the production phase, a comprehensive
equilibration process was carried out, including system solvation in
water and equilibration of temperature and pressure in NVT and
NPT ensembles, each for 500 ps.

The results of the molecular dynamics simulations for the three
receptor-ligand pairs, namely BCL-2 and 5-FU+AC01, BCL-2 and 5-
FU+ACO02, and BCL-2 and 5-FU+Lapatinib, were summarized in Root
Mean Square Deviation (RMSD) (fig. 5a-c), Root Mean Square
Fluctuation (RMSF) for protein fluctuation (fig. 5d), and the
calculation of binding free energies using MMPBSA and MMGBSA
methods (fig. Se-f).

RMSD measured how much the molecular structure of a system
changed over time compared to a reference structure. The initial or
reference structure used in molecular dynamics analysis was the
complex resulting from docking with the best binding affinity. The
RMSD plots of protein and ligands overtime during the 250 ns
simulation were summarized in fig. 5a-c. From fig. 5a-c, it was
observed that the presence of ligands in the BCL-2 binding site
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remained stable in all three ligand pairs. This was indicated by
RMSD values within a range below 1 nm. Only the movement of the
protein molecule in the complex with the 5-FU+ACO01 pair showed a
slight deviation beyond 1 nm compared to the initial state (fig. 5a).
Specifically, regarding ligand movements, in all three complexes, the
three ligand pairs exhibited stability below 0.25 nm. Thus, the
protein-ligand complexes studied in their interactions demonstrated
a stable state.

To understand the fluctuations of atoms and protein residues during
the simulation, we presented the results of RMSF calculations for the
amino acid residues comprising BCL-2. RMSF indicated the behavior
of atoms during the simulation, which could occur due to
interactions with other atoms through forces such as Van der Waals
forces, hydrogen bonding, and electrostatic forces, as these
interactions could influence the positions of atoms and cause
fluctuations. Fluctuations above 0.5 nm occurred in BCL-2 residues
from sequences 25 to 85 (fig. 5d). When considering the
decomposition analysis (fig. 5e), the fluctuations of BCL-2 residues
were not related to their interaction with the ligands. The
decomposition analysis results indicated that the dominant
interaction energy was contributed by BCL-2 residues from
sequence 90 upwards or those residues that did not experience
significant fluctuations. This further confirmed the stability of BCL-2
interactions with the 5-FU+ACO01, 5-FU+AC02, and 5-FU+Lapatinib
pairs.
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Fig. 5: Stability and binding energy analysis from MD simulation include (a) RMSD values for the combination of 5-FU+AC01, (b) RMSD
values for the combination of 5-FU+AC02, (c) RMSD values for the combination of 5-FU+FMM, (d) RMSF values for the 5-FU, AC01, AC02,
and FMM complex, (e) energy contributions by each amino acid residue to binding affinity, and (f) binding free energy calculations using
MMPBSA methods

Results of the binding free energy calculations using the MMPBSA
method for the three complexes were summarized in fig. 5f. The
binding free energies for 5-FU+AC01, 5-FU+AC02, and 5-
FU+Lapatinib were-34.3,-38.7, and-39.67 kcal/mol, respectively.
This indicated that based on the energy data, all three ligand pairs
had the ability to bind stably to the BCL-2 binding site. More
negative energy values were more likely to indicate stronger binding
agents, which mean the 5-FU and Lapatinib pair had a higher binding
affinity than the 5-FU+AC01 and 5-FU+ACO02 pairs. However, based
on prospective residual interaction analysis, 5-FU+AC01 and 5-
FU+ACO02 appeared promising.

DISCUSSION

5-FU was one of the chemotherapy agents used in the treatment of
various types of cancer, including breast cancer. 5-FU, being a purine
nucleoside analog, disrupted DNA replication and interfered with
RNA synthesis, thereby inhibiting the growth of cancer cells and
potentially causing cell death [28]. While 5-FU was not designed to
directly target BCL2, it was often prescribed in cancer therapy along
with other drugs that targeted BCL2. On the other hand, Lapatinib
was a tyrosine kinase inhibitor that targeted ERBB2 (HER2) and
EGFR (epidermal growth factor receptor), components of pathways
associated with breast cancer cell growth. 5-FU and Lapatinib were
frequently prescribed together in cancer treatment [29]. Therefore,
it was important to study how 5-FU interacted with BCL-2, especially
in the context of combination therapy.

BCL-2 was one member of the anti-apoptotic protein family with
several binding sites that played a role in regulating the apoptosis
(cell death) process. One of BCL-2's main binding sites was the
hydrophobic pocket P2 and P4, which were used in strong
interactions with proapoptotic proteins [30]. Some BCL-2 inhibitor
compounds could produce electrostatic interactions with BCL-2,
such as hydrogen bonding when an inhibitor intercalated into the
BCL-2 binding pocket. Compounds like Navitoclax and its analogs,
including ABT-737 and ABT-199, which were anticancer drugs, had
interactions with BCL-2 at these hot spots P2 and P4 [31,32]. For
instance, ABT-737 (a native ligand, 1X]), when complexed with BCL-
2, had a chloro-biphenyl group intercalating into pocket P2 of BCL-2,
referred to as H2. The thio-phenyl group filled P4 of BCL-2, thus
called H4. Ligand intercalation at the BCL-2 hot spot (and also BCL-
X) was often followed by electrostatic bonds in addition to
hydrophobic interactions. Tryptophan residue (Trp30), which
intercalated with hot spot P4, formed a hydrogen bond with Asp103
through the nitrogen atom of Navitoclax indole [33,34].

In simultaneous docking simulations, 5-FU+AC01 and 5-FU+AC02
demonstrated behavior similar to Navitoclax. They shared the same
binding site, occupying both P2 and P4. Specifically, 5-FU occupied
the P2 hot spot, substituting Navitoclax's chloro-biphenyl group,
while one of AC01's phenol groups intercalated into P4, replacing
the thio-phenyl group. These results implied a promising potential
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for synergistic action between 5-FU and AC01/AC02, effectively
hindering cancer cells by binding to BCL-2, reminiscent of the
mechanisms employed by established BCL-2 inhibitors. Moreover,
these combinations exhibited remarkable stability during a 250 ns
dynamics study and displayed strong binding affinity to BCLZ2,
approaching the affinity level of 5-FU+FMM. This result suggested
that this combination could synergistically affect by targeting BCL2
and provide promising novel therapeutic strategies for breast cancer
treatment.

CONCLUSION

The interaction between the BCL-2 protein and the 5-FU+AC01, 5-
FU+AC02, and 5-FU+Lapatinib pairs was studied using molecular
docking and dynamics methods. Docking validation had confirmed its
reliability. All three ligand pairs had strongly bound to BCL-2 with
negative binding energies, and molecular dynamics simulations had
revealed stability. Protein fluctuations during the simulation had not
affected ligand interactions, and MMPBSA calculations had shown a
strong affinity to BCL-2. AC01 and AC02, which had intercalated into
P2 and P4 sites of BCL-2, had been promising anticancer candidates
for further research alone or in combination with 5-FU.

ACKNOWLEDGMENT

This research was funded by Hibah Penelitian Dalam Negeri from
the Ministry of Education and Culture of the Republic of Indonesia
under contract number 137/E5/PG.02.00. PL/2023 for Fiscal Year
2023.

AUTHORS CONTRIBUTIONS

All the authors have equally contributed to the current study.
CONFLICT OF INTERESTS

All the authors declare no conflicts of interest.

REFERENCES

1.  Singh R, Letai A, Sarosiek K. Regulation of apoptosis in health
and disease: the balancing act of BCL-2 family proteins. Nat Rev
Mol Cell Biol. 2019;20(3):175-93. doi: 10.1038/s41580-018-
0089-8, PMID 30655609.

2. Qian S, Wei Z, Yang W, Huang ], Yang Y, Wang ]. The role of BCL-2
family proteins in regulating apoptosis and cancer therapy. Front
Oncol. 2022;12:985363. doi: 10.3389/fonc.2022.985363, PMID
36313628.
https://www.frontiersin.org/articles/10.3389/fonc.2022.985363.

3. Ponce Cusi R, Calaf GM. Apoptotic activity of 5-fluorouracil in
breast cancer cells transformed by low doses of ionizing o-
particle radiation. Int ] Oncol. 2016;48(2):774-82. doi:
10.3892/ij0.2015.3298, PMID 26691280.

4.  Zoli W, Ulivi P, Tesei A, Fabbri F, Rosetti M, Maltoni R. Addition
of 5-fluorouracil to doxorubicin-paclitaxel sequence increases

17


https://doi.org/10.1038/s41580-018-0089-8�
https://doi.org/10.1038/s41580-018-0089-8�
https://www.ncbi.nlm.nih.gov/pubmed/30655609�
https://doi.org/10.3389/fonc.2022.985363�
https://www.ncbi.nlm.nih.gov/pubmed/36313628�
https://doi.org/10.3892/ijo.2015.3298�
https://www.ncbi.nlm.nih.gov/pubmed/26691280�

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

3rd Bandung International Teleconference on Pharmacy, Indonesia

L Aman et al.

caspase-dependent apoptosis in breast cancer cell lines. Breast
Cancer Res. 2005;7(5):R681-9. doi: 10.1186/bcr1274, PMID
16168113.

Thomas S, Quinn BA, Das SK, Dash R, Emdad L, Dasgupta S.
Targeting the Bcl-2 family for cancer therapy. Expert Opin Ther
Targets. 2013 Jan 1;17(1):61-75. doi:
10.1517/14728222.2013.733001, PMID 23173842.

Wu DW, Huang CC, Chang SW, Chen TH, Lee H. Bcl-2
stabilization by paxillin confers 5-fluorouracil resistance in
colorectal cancer. Cell Death Differ. 2015;22(5):779-89. doi:
10.1038/cdd.2014.170, PMID 25323586.

Ramesh P, Medema JP. BCL-2 family deregulation in colorectal
cancer: potential for BH3 mimetics in therapy. Apoptosis.
2020;25(5-6):305-20. doi:  10.1007/s10495-020-01601-9,
PMID 32335811.

Guo XF, Zhu XF, Zhong GS, Deng BG, Gao ZT, Wang H. Lapatinib, a
dual inhibitor of EGFR and HERZ2, has synergistic effects with 5-
fluorouracili on  esophageal carcinoma. Oncol Rep.
2012;27(5):1639-45. doi: 10.3892/0r.2012.1659, PMID 22293713.
Wainberg ZA, Anghel A, Desai A], Ayala R, Luo T, Safran B.
Lapatinib, a dual EGFR and HER2 kinase inhibitor, selectively
inhibits HER2-amplified human gastric cancer cells and is
synergistic with trastuzumab in vitro and in vivo. Clin Cancer
Res. 2010 Feb 28;16(5):1509-19. doi: 10.1158/1078-
0432.CCR-09-1112, PMID 20179222.

Panda P, Verma HK, Bhaskar LVKS. Precision medicine
revolutionizing esophageal cancer treatment: surmounting
hurdles and enhancing therapeutic efficacy through targeted
drug therapies. Onco. 2023;3(3):127-46. doi:
10.3390/0nc03030010.

Adjibade P, Simoneau B, Ledoux N, Gauthier WN, Nkurunziza
M, Khandjian EW. Treatment of cancer cells with Lapatinib
negatively regulates general translation and induces stress
granules formation. PLOS ONE. 2020 May 4;15(5):e0231894.
doi: 10.1371/journal.pone.0231894, PMID 32365111.

Kim HP, Yoon YK, Kim JW, Han SW, Hur HS, Park J. Lapatinib, a
dual EGFR and HER2 tyrosine kinase inhibitor, downregulates
thymidylate synthase by inhibiting the nuclear translocation of
EGFR and HER2. PLOS ONE. 2009 Jun 16;4(6):e5933. doi:
10.1371/journal.pone.0005933, PMID 19529774.

Clariano M, Marques V, Vaz |, Awam S, Afonso MB, Jesus Perry
M. Monocarbonyl analogs of curcumin with potential to treat
colorectal cancer. Chem Biodivers. 2023 Mar
1;20(3):€202300222. doi: 10.1002/cbdv.202300222, PMID
36807727.

Luo SM, Wu YP, Huang LC, Huang SM, Hueng DY. The anti-
cancer effect of four curcumin analogues on human glioma
cells. Onco Targets Ther. 2021;14:4345-59. doi:
10.2147/0TT.S313961, PMID 34376999.

Semlali A, Contant C, Al-Otaibi B, Al-Jammaz I, Chandad F. The
curcumin analog (PAC) suppressed cell survival and induced
apoptosis and autophagy in oral cancer cells. Sci Rep.
2021;11(1):11701. doi: 10.1038/s41598-021-90754-x, PMID
34083581.

Praseetha NG, Divya UK, Nair S. Identifying the potential role of
curcumin analogues as anti-breast cancer agents; an in silico
approach. Egypt ] Med Hum Genet. 2022;23(1):100. doi:
10.1186/s43042-022-00312-x.

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G,
Gumienny R. SWISS-MODEL: homology modelling of protein
structures and complexes. Nucleic Acids Res. 2018 Jul
2;46(W1):W296-303. doi:  10.1093/nar/gky427, PMID
29788355.

Shen C, Hu X, Gao ], Zhang X, Zhong H, Wang Z. The impact of
cross-docked poses on the performance of machine learning
classifier forprotein-ligand binding pose prediction. ]
Cheminform. 2021;13(1):81. doi: 10.1186/s13321-021-00560-
w, PMID 34656169.

Ramirez D, Caballero J. Is it reliable to take the molecular
docking top-scoring position as the best solution without

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Int J App Pharm, Vol 15, Special Issue 2, 2023, 13-18

considering available structural data? Molecules. 2018;23(5).
doi: 10.3390/molecules23051038, PMID 29710787.

Nur Aidah Lya CITRA S, Arfan A, Alroem A, Bande LS, Irnawati |,
Arba M. Docking-based workflow and ADME prediction of
some compounds in Curcuma longa and andrographis
paniculata as polymerase PA-PB1 inhibitors of influenza
A/H5N1 virus. JRP 2023;27(1):221-31. doi: 10.29228/jrp.305.
O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T,
Hutchison GR. Open babel: an open chemical toolbox. ]
Cheminform. 2011;3(1):33. doi: 10.1186/1758-2946-3-33,
PMID 21982300.

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell
DS. AutoDock4 and AutoDockTools4: automated docking with
selective receptor flexibility. ] Comput Chem. 2009
Dec;30(16):2785-91. doi: 10.1002 /jcc.21256, PMID 19399780.
Trott O, Olson A]. AutoDock Vina: Improving the speed and
accuracy of docking with a new scoring function, efficient
optimization, and multithreading. ] Comput Chem.
2010;31(2):455-61. doi: 10.1002/jcc.21334, PMID 19499576.
Eberhardt J, Santos Martins D, Tillack AF, Forli S. AutoDock
Vina 1.2.0: New docking methods, expanded force field, and
python bindings. ] Chem Inf Model. 2021;61(8):3891-8. doi:
10.1021/acs.jcim.1c00203, PMID 34278794.

A Asnawi, Aman LO, Nursamsiar, A Yuliantini, E Febrina.
Molecular docking and molecular dynamic studies: screening
phytochemicals of Acalypha indica against braf kinase
receptors for potential use in melanocytic tumours. R]C.
2022;15(2):1352-61. doi: 10.31788/R]C.2022.1526769.
Abraham M], Murtola T, Schulz R, Pall S, Smith ]JC, Hess B.
GROMACS: high-performance molecular simulations through
multi-level parallelism from laptops to supercomputers.
SoftwareX. 2015;1-2:19-25. doi: 10.1016/j.s0ftx.2015.06.001.
Febrina E, Asnawi A. Lead compound discovery using
pharmacophore-based models of small-molecule metabolites
from human blood as inhibitor cellular entry of SARS-CoV-2. ]
Pharm Pharmacogn Res. 2023;11(5):810-22. doi:
10.56499 /jppres23.1688_11.5.810.

Sethy C, Kundu CN. 5-fluorouracil (5-FU) resistance and the new
strategy to enhance the sensitivity against cancer: implication of
DNA repair inhibition. Biomed Pharmacother. 2021;137:111285.
doi: 10.1016/j.biopha.2021.111285, PMID 33485118.

Shepard G, Arrowsmith ER, Murphy P, Barton Jr JH, Peyton D,
Mainwaring M. A phase II study with lead-in safety cohort of
5-fluorouracil, oxaliplatin, and lapatinib in combination with
radiation therapy as neoadjuvant treatment for patients with
localized HER2-positive esophagogastric adenocarcinomas.
Oncologist. 2017 Oct 1;22(10):1152-e98. doi:
10.1634/theoncologist.2017-0186, PMID 28765502.

Shamas Din A, Kale ], Leber B, Andrews DW. Mechanisms of
action of Bcl-2 family proteins. Cold Spring Harb Perspect Biol.
2013 Apr;5(4):a008714. doi: 10.1101/cshperspect.a008714,
PMID 23545417.

Wang L, Doherty GA, Judd AS, Tao ZF, Hansen TM, Frey RR.
Discovery of a-1331852, a first-in-class, potent, and orally-
bioavailable BCL-XL inhibitor. ACS Med Chem Lett. 2020 Oct
8;11(10):1829-36. doi: 10.1021/acsmedchemlett.9b00568,
PMID 33062160.

Hann CL, Daniel VC, Sugar EA, Dobromilskaya I, Murphy SC,
Cope L. Therapeutic efficacy of ABT-737, a selective inhibitor of
BCL-2, in small cell lung cancer. Cancer Res. 2008
Apr;68(7):2321-8. doi: 10.1158/0008-5472.CAN-07-5031,
PMID 18381439.

Souers A], Leverson ]D, Boghaert ER, Ackler SL, Catron ND,
Chen J. ABT-199, a potent and selective BCL-2 inhibitor,
achieves antitumor activity while sparing platelets. Nat Med.
2013;19(2):202-8. doi: 10.1038/nm.3048, PMID 23291630.
Parrondo R, de Las Pozas A, Reiner T, Perez Stable C. ABT-737,
a small molecule Bcl-2/Bcl-xL antagonist, increases antimitotic-
mediated apoptosis in human prostate cancer cells. Peer J.
2013;1:e144. doi: 10.7717 /peerj.144, PMID 24058878.

18


https://doi.org/10.1186/bcr1274�
https://www.ncbi.nlm.nih.gov/pubmed/16168113�
https://doi.org/10.1517/14728222.2013.733001�
https://www.ncbi.nlm.nih.gov/pubmed/23173842�
https://doi.org/10.1038/cdd.2014.170�
https://www.ncbi.nlm.nih.gov/pubmed/25323586�
https://doi.org/10.1007/s10495-020-01601-9�
https://www.ncbi.nlm.nih.gov/pubmed/32335811�
https://doi.org/10.3892/or.2012.1659�
https://www.ncbi.nlm.nih.gov/pubmed/22293713�
https://doi.org/10.1158/1078-0432.CCR-09-1112�
https://doi.org/10.1158/1078-0432.CCR-09-1112�
https://www.ncbi.nlm.nih.gov/pubmed/20179222�
https://doi.org/10.3390/onco3030010�
https://doi.org/10.1371/journal.pone.0231894�
https://www.ncbi.nlm.nih.gov/pubmed/32365111�
https://doi.org/10.1371/journal.pone.0005933�
https://www.ncbi.nlm.nih.gov/pubmed/19529774�
https://doi.org/10.1002/cbdv.202300222�
https://www.ncbi.nlm.nih.gov/pubmed/36807727�
https://doi.org/10.2147/OTT.S313961�
https://www.ncbi.nlm.nih.gov/pubmed/34376999�
https://doi.org/10.1038/s41598-021-90754-x�
https://www.ncbi.nlm.nih.gov/pubmed/34083581�
https://doi.org/10.1186/s43042-022-00312-x�
https://doi.org/10.1093/nar/gky427�
https://www.ncbi.nlm.nih.gov/pubmed/29788355�
https://doi.org/10.1186/s13321-021-00560-w�
https://doi.org/10.1186/s13321-021-00560-w�
https://www.ncbi.nlm.nih.gov/pubmed/34656169�
https://doi.org/10.3390/molecules23051038�
https://www.ncbi.nlm.nih.gov/pubmed/29710787�
https://doi.org/10.29228/jrp.305�
https://doi.org/10.1186/1758-2946-3-33�
https://www.ncbi.nlm.nih.gov/pubmed/21982300�
https://doi.org/10.1002/jcc.21256�
https://www.ncbi.nlm.nih.gov/pubmed/19399780�
https://doi.org/10.1002/jcc.21334�
https://www.ncbi.nlm.nih.gov/pubmed/19499576�
https://doi.org/10.1021/acs.jcim.1c00203�
https://www.ncbi.nlm.nih.gov/pubmed/34278794�
https://doi.org/10.31788/RJC.2022.1526769�
https://doi.org/10.1016/j.softx.2015.06.001�
https://doi.org/10.56499/jppres23.1688_11.5.810�
https://doi.org/10.1016/j.biopha.2021.111285�
https://www.ncbi.nlm.nih.gov/pubmed/33485118�
https://doi.org/10.1634/theoncologist.2017-0186�
https://www.ncbi.nlm.nih.gov/pubmed/28765502�
https://doi.org/10.1101/cshperspect.a008714�
https://www.ncbi.nlm.nih.gov/pubmed/23545417�
https://doi.org/10.1021/acsmedchemlett.9b00568�
https://www.ncbi.nlm.nih.gov/pubmed/33062160�
https://doi.org/10.1158/0008-5472.CAN-07-5031�
https://www.ncbi.nlm.nih.gov/pubmed/18381439�
https://doi.org/10.1038/nm.3048�
https://www.ncbi.nlm.nih.gov/pubmed/23291630�
https://doi.org/10.7717/peerj.144�
https://www.ncbi.nlm.nih.gov/pubmed/24058878�

