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Abstract

Background and purpose: The Fat mass and obesity-associated protein (FTO) plays a significant role in
esophageal cancer by regulating N6-methyladenosine (m6A) modification. FTO inhibition has shown potential
in cancer therapies but remains underexplored. This study aimed to identify a safer, FDA-approved compound
for FTO inhibition that can be used in combination with chemotherapy drugs.

Experimental approach: FDA-approved drugs were screened from the Zincl5 database using AutoDock
Vina against the 3D structure of FTO (PDB ID: 3LFM). Discovery Studio software was used to determine
binding interactions. The GROMACS package was used for molecular dynamics simulations. A non-toxic
concentration was determined through an MTT assay on KYSE-30 esophageal cancer cells. The ELISA assay
was used to measure the m6A levels in RNA.

Findings/Results: Four compounds, ergotamine, midazolam, digoxin, and loratadine, were identified.
Loratadine (AG: -8.9) formed stable interactions with FTO, specifically with residues Ser229, Tyr109, Leul09,
Val229, and His231. Molecular dynamic simulations of the FTO-loratadine complex revealed higher RMSD
fluctuations (0.4-0.6 nm), but the system remained stable overall. RMSF analysis showed similar fluctuation
patterns in all three systems, indicating that loratadine did not affect protein structure stability. MM/PBSA
calculations revealed powerful binding energy for the FTO-loratadine complex (-135.73 kJ/mol), driven by
favorable van der Waals interactions. KYSE-30 cells treated with loratadine (100 uM), m6A levels in KYSE-
30 cells compared to the control group were significantly elevated at a non-toxic concentration.

Conclusion and implications: Loratadine is a promising, low-toxic FTO inhibitor that could complement
chemotherapy for esophageal cancer.

Keywords: AutoDock Vina; Drug repurposing; Esophageal cancer; Fat mass and obesity associated protein;
Molecular dynamics simulation; N6-methyl adenosine.

INTRODUCTION

RNA modifications play a vital role in
various cellular functions, such as cell
proliferation, survival, and differentiation. N6-
methyladenosine (m6A) is one of the most
abundant modifications of messenger RNA
(mRNA) in both eukaryotes and humans. It
influences RNA splicing, intracellular transport,
translation, and cytoplasmic degradation (1, 2).

mo6A is a dynamic and reversible
modification, and changes in its presence on
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mRNA determine the RNA's fate, ultimately
influencing RNA expression and protein synthesis,
or leading to RNA degradation and reduced protein
production. Therefore, identifying the proteins
involved in this process is crucial, and inhibiting
these proteins could be a valuable strategy in the
treatment of various diseases and malignancies,
including several types of cancers such as
esophageal, hepatocellular, and breast cancer.
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Methyltransferase and demethylase
enzymes regulate moA levels in RNA, enabling
reversible and  dynamic = modification.
Methyltransferases such as  N6-methyl
adenosine methyltransferase 16 (METTL16)
and the complex METTL3/METTL14/Wilm's
tumor 1-associating protein (WTAP) are m6A
writer proteins (3-5). RNA m6A eraser
enzymes, such as fat and obesity-associated
protein (FTO) (6, 7) and alkylation repair
homolog protein 5 (ALKBHS5) (8), remove
m6A modifications from RNA molecules.
Additionally, m6A readers play a critical role in
determining the fate of RNA after translation.
The YTHD family (YTHDF 1-3) and two
members of the YTHDC family (YTHDC 1-2)
are classified as readers (Fig. 1) (9).

Several studies revealed that FTO was the
first reported m6A demethylase protein related
to body mass and obesity in humans (10, 11).
Jia et al. demonstrated that FTO is primarily
located in nuclear speckles and that m6A in
nuclear RNA is the physiological substrate for
FTO (6). Multiple functions affected by FTO,
such as glycolysis (12), and adipogenesis (13),
through the removal of the methyl group from
N6-adenosine in RNA. Likewise, elevated FTO
activity leads to decreased m6A levels in RNA
and impairs cell cycle progression, disrupting
normal lineage commitment and functional
stem cell differentiation. This results in
neurogenesis retardation, immune deficiency,
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infertility, and cancer progression and
migration (14-16). Recent studies have shown
that FTO levels are elevated in esophageal
cancer cells, which is associated with poor
prognosis in esophageal cancer patients (17),
tumorigenesis (18), and migration (19). Currently,
numerous studies have investigated FTO inhibitors,
both specific and nonspecific properties, such as
rhein, meclofenamic acid, MO-I-500, fluorescein,
and R-2HG (16, 20-25).

Drug repurposing, also known as drug
repositioning, is a strategy in drug development that
involves identifying new uses for existing drugs
beyond their original indications (26). This
approach can significantly accelerate the discovery
process and reduce costs compared to developing
entirely new drugs. Numerous medications have
been recently investigated and approved for new
therapeutic uses, often utilizing their established
safety profiles and pharmacokinetics. In recent
years, drug repurposing has gained popularity as a
practical approach to address unresolved medical
needs effectively (27). Given the significant
association between FTO and pathological
conditions, we focused on identifying a potential
inhibitor of FTO demethylase. This research aimed
to discover a novel FTO inhibitor from FDA-
approved drugs. Additionally, we evaluated the
FTO inhibitory effect of the candidate compound on
the KYSE-30 cell line using the MTT assay and
measured the m6A content in total RNA isolated
from the treated cells.
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Fig. 1. A schematic diagram illustrates the roles of m6A writers, readers, and erasers in the post-transcriptional regulation

of mRNA.
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MATERIALS AND METHODS

Virtual screening

The FTO crystal structure was obtained from
the RCSB database with PDB ID: 3LFM. The
receptor input file was prepared using the
AutoDock Tools (ADT) 1.5.6 package (28).
The crystal structure of the receptor file was
prepared by excluding water molecules and
ligands. Hydrogens were then included, and the
molecules were modeled in three dimensions.
Nonpolar hydrogens were merged, and
Kollman charges were assigned and saved in
the pdbqt format (29). The binding free energies
and the conformation of the ligand within the
specified active site were determined using
AutoDock Vina 1.2.3 (30). The initial phase
involved blind docking to explore the potential
binding mode of 3-methylthymidine (3DT) on
3LFM using the entire 3D protein. Furthermore,
the 3D structures of FDA-approved small
molecules were downloaded from the open-
source chemistry Zinl5 database
(http://zinc15.docking.org) and prepared in
pdbqt format using the OpenBabel module (31).
The grid box dimensions were assigned 45 x 45
x 45 A (x,y, and z) with a grid center of 29.773,
7.641, and -28.097 (x, y, and z). Virtual
screening was performed using AutoDock Vina
1.2.3 version.

Molecular dynamics simulation

The interaction between FTO and the
candidate compound was performed in a
dynamic environment determined by molecular
dynamics (MD) simulation using the
GROMACS 2021.4 package (32). Free FTO
and FTO complexed with 3DT (as the main
ligand in the protein binding pocket of
crystallography structure) and with candidate
compound in a water-filled triclinic box were
simulated using the Amber99SB force field
(33). Moreover, the systems were placed in a
solubility transferable intermolecular potential
with a 3-point water molecule (tip3p). To adjust
the charge neutrality, Na* and CI” ions were
added to each system. Energy minimization
was applied to each system with the steepest
descent algorithm. Temperature and pressure
were maintained using the Nose-Hoover
thermostat and a Berendsen barostat,

394

respectively. Besides, the equilibrium of NVT
and NPT was performed (34-38). The
interactions, electrostatics, and covalent bond
constraints were calculated using the Lennard-
Jones potential, the Particle-mesh Ewald
(PME) method, and the Lincs algorithm,
respectively (37). After equilibration, the
trajectories were recorded for 100 ns using the
leap-frog algorithm (39).

Cell culture

The KYSE-30 esophageal cancer cell line
was purchased from the Royan Institute (NCBI
code: C584, Tehran, Iran). The cells
were cultured in complete medium consisting
of Dulbecco's modified FEagle medium
(DMEM) with 10% fetal bovine serum
(FBS; IdeaZist Co., Tehran, Iran) and
1%  penicillin/streptomycin ~ (Gibco, Life
Technologies, USA). All cells were maintained
in a humidified incubator at 37 °C with 5% CO»,
and the medium was replaced daily.

Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) assay was
used to determine cell viability treated with
different concentrations of loratadine (40, 41).
KYSE-30 cells were seeded at a density of 1 x
10* cells per well in a 96-well plate. The cells
were then treated with different concentrations
of loratadine (0, 1, 10, 25, 50, 75, 100, and
150 pM) compared to 0.6% Dimethyl Sulfoxide
(DMSO) for 48 h. After treatment, 20 pL of
MTT reagent (5 mg/mL) was added to each
well, then the plate was incubated at 37 °C for 4
h. The medium was removed, and 100 pL of
DMSO was added to dissolve the formazan
crystals. The optical density (OD) of the
solution was measured at a wavelength of
570 nm using a microplate reader. The results
were compared to those obtained from the
0.6% DMSO vehicle group.

RNA Extraction

Total RNA was isolated using the RNX-
PLUS kit (SINACLON, Tehran, Iran)
according to the manufacturer's instructions.
KYSE-30 cells were cultured in a T25 flask at
a density of 1 x 10° cells and incubated for
48 h across three experimental groups:
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loratadine group (cells treated with 100 uM
loratadine); vehicle group (cells treated with
0.6% DMSO0); and control group (cells without
any treatment). Then, KYSE-30 cells were
harvested using trypsin solution and washed
twice with phosphate-buffered saline (PBS)
buffer. RNA extraction was performed by
lysing and homogenizing the cells with
RNX-PLUS reagent at room temperature for
5 min. Chloroform was added to the samples,
which were shaken vigorously for 5-10 s, and
then incubated at room temperature for 15 min.
The samples were centrifuged (12000 rpm,
15 min at 4 °C), and the upper aqueous phase
containing nucleic acids was carefully separated.
The isolated RNA was precipitated by adding
an equal volume of isopropanol, followed by
incubation on ice for 15 min and then
centrifugation. The RNA was washed by
adding 1 mL of 75% ethanol, followed by
centrifugation at 7500 rpm at 4 °C for 8 min
(42). Finally, the purified RNA was resuspended in
RNase-free water and stored at -80 °C.

MO6A ELISA assay

The m6A content in total RNA was
quantified using an ELISA kit (m6A ELISA Kkit,
Cat. No: ZB-15178¢c-H9648; Zell Bio GmbH,
Germany) as previously described (43). Briefly,
1800 ng of RNA from each group was used to
determine the m6A content. To eliminate all
secondary structures in the RNA, the samples
were heated at 95 °C for 5 min, followed by
rapid cooling on ice. The denatured RNA was
digested into nucleosides by incubating it with
4 units of nuclease P1 (Cat. No: Mo660s;
BioLabs, USA) for 1 h at 37 °C. Subsequently,
0.5 units of alkaline phosphatase (P0114;
Sigma-Aldrich, Germany) and sufficient Tris
buffer to achieve a final concentration of
100 mM Tris, pH 7.5, were added, and the
mixture was incubated for 1 h at 37 °C. The
supernatant was then collected and used for the
ELISA assay. Absorbance was measured at a
wavelength of 450 nm using a microplate
reader. A standard curve was constructed to
calculate the sample concentrations.

Statistical analysis
All statistical analyses were performed using
GraphPad Prism version 8.4 (GraphPad
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Software, USA). The data are presented as the
mean + SD. Statistical significance was assessed
using one-way ANOVA, followed by Tukey’s post
hoc test for comparisons involving more than two
groups. P-values < 0.05 were considered
statistically significant. All experiments were
conducted in triplicate or more.

RESULTS

Specific targeting

Blind docking is a useful method for
discovering the binding sites of biological
targets (44, 45). The regions of expected
interactions between the 3DT (as the main
ligand in the 3LFM crystallography structure)
and FTO protein were identified by performing
the molecular docking with AutoDock Tools
5.4. The binding pocket of the FTO protein
(PDB ID: 3LFM) was predicted in the deepest
cavity, which exists on chain A with a
populated cluster and binding energy of -5.8
kcal/mol. The binding pocket residues were
Glu234, Arg9%6, Tyrl08, and Ser229. Our
results are consistent with previous studies,
which identified similar residues in the FTO
binding pocket (46,47). The obtained results
were visualized by BIOVINA Discovery Studio
software (version 2021) (48) (Fig. 2).

Virtual screening and molecular docking

AutoDock Vina 1.2.3 was used for virtual
screening over the library of the FDA-approved
ZINC15 database, containing 1576 compounds
docked on the defined FTO binding pocket to
analyze molecular interactions and binding
energy (49-51). Through the docking method,
all compounds were compared, and the
obtained results were sorted from lowest to
highest binding energy. The top 50 compounds
with the lowest binding energy were selected
for further analysis, and all compounds were
evaluated for their clinical applications. Some
of the drugs, like peptides and chemotherapeutic
medicines, were ignored. Also, compounds such
as sunscreens, ointments, and creams were
excluded from the study process. After
applying these filters, the selected candidates
were chosen for further investigation, as
illustrated in Fig. 3, and their docking binding
energies are demonstrated in Table 1.
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Fig. 2. The binding mode of 3DT on the groove area in the nucleotide binding site of the FTO protein. A schematic was
generated using BIOVINA Discovery Studio software (version 2021). 3DT, 3-Methylthymidine; FTO, fat and obesity-

associated protein.

Digoxin Ergotamine

Loratadine Midazolam

Fig. 3. The docking result produced the structures of the top four compounds. These structures were created using
ChemDraw Ultra version 8.0, a chemical communication software program from PerkinElmer.

Table 1. Calculated binding energy and interactions of four docked compounds.

Zinc ID General name (AKGC al/mol) fosltlisl::::te((i]?il)hibiﬁon Residues of the action

ZINC242548690  Digoxin -10.660 183.95 pM Arg96, Arg80, Lys216, and Pro93

ZINC52955754 Ergotamine -9.263 66.85 nM Lys216, Tyr214, Val228, Leu90, and Val94

ZINC95626706 Midazolam -8.904 1.29 pM Asp233, Lue203, Val83, 1le85, and Thr92

ZINC537931 Loratadine -8.900 1.06 uM ;/32222; Luel09, Tyrl08, His231, and
3-Methylthymidine  -5.60 79.15 uM Glu234, Arg96, Tyr108, and Ser229

The 3D structure of FTO with candidate
ligands (digoxin, ergotamine, loratadine, and
midazolam) was visualized using the PyMOL
Molecular Graphics System (Fig. 4). In the case
of digoxin, it binds to Arg96 and Arg80 via
conventional hydrogen bonds. Digoxin binds to
the Pro93 and Lys216 residues through the
alkyl bond between the cyclohexane ring.
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Although the ergotamine compound did not
form any hydrogen bonds with amino acid
residues in the binding pocket, it formed pi-
alkyl bonds with amino acid residues Lys216,
Tyr214, Val228, Leu90, Val94, and Pro93
through the cyclohexadiene ring. Additionally,
Lue90 residue has an alkyl interaction with the
pyrroline ring of ergotamine.
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Fig. 4. Binding orientation of digoxin, ergotamine, loratadine, and midazolam and their interactions with the active site
of the FTO protein. A schematic was generated using the PyMOL Molecular Graphics System version 1. Level
Schrodinger, LLC. Available from https://pymol.org. FTO, fat and obesity-associated protein.

Besides, midazolam binds to the binding
pocket amino acid residues through Asp233,
Leu203, I1e80, Thr92, and Val83. Nitrogen
within the pyrazine ring interacts with the
hydrogen atom of the amine group.
Furthermore,  pi-alkyl interaction  was
established between the gamma carbon of
Leu203 and the pyrazine ring. Moreover, the
benzene ring of ergotamine interacted with the
side chains of Val83 and I1e80 residues through
a m-alkyl interaction. Similarly, a m-anion
interaction was identified between the pyrazine
ring and the radical oxygen donor of the
Asp233 residue. As well, Thr92 has the pi-
stacked interaction with the benzene ring

Moreover, a hydrogen bond was formed
between the hydrogen of the hydroxyl group of
the side chain of Ser229 with the nitrogen of the
n-pyridine ring of loratadine. In addition, a pi-
cation bond was established between the
imidazole ring of His231 residue and the
benzene ring in the loratadine structure.
Furthermore, the benzene ring of loratadine
established a m-m stacked bond with the
phenolic ring of Tyr108 and a n-alkyl bond with
the gamma carbon of Leul09. In the binding
pocket of the FTO protein, it also established a
hydrophobic m-alkyl and alkyl bond with the
pyridine and cyclohexane ring in the structure
of loratadine, respectively (52). The results are
visualized in Fig. 5.
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Estimated inhibition constant (Ki)

Moreover, to obtain the computationally
estimated inhibition constant (Ki), we
performed a docking analysis for four candidate
compounds  with the FTO  protein
crystallography structure using the molecular
docking AutoDock Tools 1.5.7 (The Scripps
Research Institute, La Jolla, CA, USA). The
number of rotatable bonds of the ligand was set
by default. However, if the number was greater
than 6, some rotatable bonds were made
nonrotatable; otherwise, calculations can be
inaccurate. The active site was surrounded by a
grid-box sized 70 x 70 x 70 points with a spacing
of 0.375 A. Ultimately, Ki value was determined
for digoxin, ergotamine, loratadine, midazolam,
and 3DT are shown in Table 1. Therefore, these
results conclude that loratadine shows affinity for
the FTO-binding pocket residues, and it could be
considered an FTO inhibitor.

MD simulation

To determine the stability and behavior of
the selected ligand, loratadine, in complex with
the FTO, MD simulations were performed for
100 ns, and the analysis was carried out on its
outputs (53). To compare output, we performed
MD simulation for free FTO and FTO complex
with specific ligand (3DT) bound to the FTO
crystallographic structure (PDB ID: 3LFM)
used in this study.
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Fig. 5. 2D visualization of the interaction between digoxin, ergotamine, loratadine, and midazolam, with amino acid
residues within the FTO (PDB ID: 3LFM) binding pocket generated by the BIOVINA Discovery Studio software. FTO,

fat and obesity-associated protein.

The root mean square deviation (RMSD) is
a metric that defines the deviation of a protein-
ligand complex from the reference protein
structure, with the RMSD value being
measured (54-56). It was observed that the free
FTO system fluctuations increased at 20 ns but
were stable until the end of the MD simulation.
Furthermore, the RMSD values of free FTO
ranged from 0.3 to 0.5 nm, and the average
RMSD value was 0.354 nm. Low RMSD
fluctuations illustrated the stability until around
100 ns. Moreover, the FTO-3DT complex
demonstrated a comparable RMSD with the
reference protein up to 20 ns. However, beyond
this timeframe, the complex experiences
increased fluctuations, as evidenced by RMSD
values ranging from 0.4 to 0.6 nm, and the
average RMSD value was 0.522 nm. Moreover,
the FTO-loratadine complex with 3DT as the
reference ligand was analyzed. In the FTO-3DT
complex, the average RMSD was 0.39, and its
fluctuation was between 0.3 nm and 0.5 nm
after 15 ns. Besides, the FTO-loratadine
complex RMSD fluctuation was higher than the
reference complex, but it was lower than the
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FTO-3DT complex. The RMSD plot is shown
in Fig. 6A and B.

Then, to determine the deviation of each
protein and amino acid residue concerning the
reference position, the root mean square
fluctuation (RMSF) plot (56) was calculated
from 20 ns up to 100 ns MD trajectory as shown
in Fig. 6C. The average values of RMSF for
free FTO, FTO-loratadine, and FTO-3DT
complexes were approximately 0.123, 0.125,
and 0.136 nm, respectively. Interestingly, it was
declared that the RMSF values of the FTO-
loratadine complex exhibited an overall similar
and slightly higher RMSF value when
compared with the free FTO protein during the
simulation time between 20 and 100 ns. In
addition, the RMSF value of the FTO-
loratadine complex was lower than the FTO-
3DT RMSF value. Additionally, the overall 100
ns timescale of the MD simulation revealed that
the average values of total RMSF for free FTO,
FTO-loratadine, and FTO-3DT complexes are
0.152, 0.187, and 0.192 nm, respectively. This
finding means that the FTO-loratadine complex
has more fluctuation compared to free FTO but
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is lower than the FTO-3DT complex, indicating
that the structure was defined as suitable.
Furthermore, in the 100 ns timescale of RMSF,
Tyr108, Leul09, Val228, and His231 amino
acid residues in free FTO are 0.121, 0.099,
0.131, and 0.11 nm, respectively. Furthermore,
the RMSFs of these amino acid residues in the
FTO-loratadine complex system are 0.166,
0.145, 0.191, and 0.167 nm, respectively. The
RMSF results demonstrated that both the free
protein and the protein-ligand complex have
regions with similar degrees of flexibility. The
FTO-loratadine complex tended to exhibit
slightly higher average fluctuations, indicating
that the presence of the ligand may affect the

dynamic behavior of the protein.
The compactness and rigidity of the free
FTO protein and FTO-loratadine complex were
A

~Loratadine

-FTO -3DT

0.6

investigated using the Radius of gyration (Rg).
The average Rg values of free FTO, FTO-
loratadine, and FTO-3DT complexes were
2.554, 2.564, and 2.547, respectively. The
average Rg values revealed that the free protein
and complexes have comparable compactness.
The results obtained from the Rg profile
indicated that the FTO-loratadine complex,
along with the reference protein and FTO-3DT
complex, remained stable between 2.5 and 2.65
nm throughout the 100 ns timescale. The
stability observed in the Rg profile between
2.49 and 2.65 nm indicates that overall, the
structures maintain a relatively consistent level
of compactness. The fluctuations generated at
the beginning of the MD for the free protein and
the complex are probably due to adaptation to the
system. The results are illustrated in Fig. 6D.
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Fig. 6. Superimposed (A) RMSD, (B) ligands RMSD, (C) RMSF, (D) Rg, and (E) SASA plots. Green represents the free
FTO system; red for the FTO-3DT complex, and purple represents the FTO-loratadine complex. RMSD, Root mean
square deviation; RMSF, root mean square fluctuation; Rg, radius of gyration; SASA, solvent accessible surface area;
FTO, fat and obesity-associated protein; 3DT, 3-methylthymidine.
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To investigate protein surface area and
folding, we analyzed the solvent accessible
surface area (SASA) plot for each system,
which was constructed from the protein
trajectory (57). The SASA results aid in
determining whether the ligand remains within
the binding pocket or is expelled from the
cavity. The average SASA values for free FTO,
FTO-loratadine, and FTO-3DT complexes
were 219.516, 218.413, and 216.464 nm,
respectively. The obtained results are illustrated
in Fig. 6E. The analysis of SASA provides
insights into the ligand’s interaction with the
binding pocket. The small difference in average
SASA between the free protein and the complexes
indicated the minimal changes in the overall
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surface accessibility upon ligand binding.

Hydrogen bond formation is the necessary
driving force that specifies stability and ligand
specificity (57, 58). Analysis of the main FTO-
loratadine  complex  demonstrated  that
loratadine forms a hydrogen bond with the
binding pocket amino acid residues. To analyze
the hydrogen bond interaction property during
the 100 ns period of simulation, the hydrogen
bond interaction plot was constructed. The
number of hydrogen bonds formed in the FTO-
loratadine complex is approximately twice that
of the hydrogen bonds formed in the FTO-3DT
complex. The number of hydrogen bonds of
FTO-3DT and FTO-loratadine complex is
demonstrated in Fig. 7A and B.
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Fig. 7. H-bonds were observed between (A) FTO and loratadine, and (B) between FTO with 3DT and loratadine during
the molecular dynamic simulation. The symbol coding scheme is as follows: FTO-loratadine (purple) and FTO-3DT (red).
H-bond, Hydrogen bond; FTO, fat and obesity-associated protein; 3DT, 3-methylthymidine.
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Binding free energy calculations

To analyze the binding of ligand-protein
complexes in dynamic simulations, the
molecular  mechanics  Poisson-Boltzmann
surface area (MM/PBSA) approach was used to
compute the binding free energy. This method
contributed to the calculation of various energy
components, including electrostatic energy,
polar solvation energy, SASA, and van der
Waals (Vdw) energy. The results obtained from
MM/PBSA  for both FTO-3DT and
FTO-loratadine complexes are illustrated in
Table 2.

The MM/PBSA (Molecular Mechanics/
Poisson-Boltzmann Surface Area) calculations
for the FTO-loratadine and FTO-3DT
complexes provide valuable insights into the
binding energetics of these compounds to the
FTO receptor. The AG binding energy was
computed by evaluating various energies,
including van der Waals (AG Vdw),
electrostatic (AG elec), polar solvation (AG
polar), and SASA (AG SASA) energies.

Both complexes exhibited negative binding

energies, indicating a favorable binding
between the receptor and the ligands.
Specifically, the AG binding energy for

loratadine was -135.73 + 17.15 kJ/mol, while
for 3DT, it was -104.68 + 11.12 kJ/mol. These
negative values suggest that both compounds
have a suitable binding affinity to the
FTO receptor, while loratadine shows a
stronger binding affinity compared to 3DT as
the main ligand in the FTO crystallography
structure.

The AG Vdw and AG elec contributions play
a significant role in determining the overall
binding energy. For both ligands, the AG Vdw
was highly negative, indicating that the
favorable interactions between the ligands and
the receptor. Loratadine demonstrated a more
negative van der Waals energy (-185.97 £9.75
kJ/mol) compared to 3DT (-152.91 + 10.52
kJ/mol), which offers stronger van der Waals
interactions for loratadine. The AG elec for
3DT (-21.56 £ 6.74 kJ/mol) was more negative
than for loratadine (-1.51 = 3.59 kJ/mol),
suggesting that electrostatic interactions play a
more critical role in the binding of 3DT. These
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favorable van der Waals interactions further
contributed to the overall binding affinity of
both compounds.

Moreover, the positive polar AG values for
both complexes suggest a solvent release cost
upon binding. Specifically, the polar solvation
energy for loratadine was 71.99 + 14.28 kJ/mol,
while for 3DT, it was 84.08 + 10.37 kJ/mol.
This positive contribution suggests that the
binding process is energetically costly for
desolvation of the ligand and receptor in a polar
environment (e.g., water). While this
desolvation cost is not ideal, it is a common part
of protein-ligand interactions, where the ligand
and receptor need to lose their surrounding
water molecules to bind. Although the positive
polar solvation energies are unfavorable, they
do not diminish the overall favorable binding
energy, including van der Waals and
electrostatic interactions, which are highly
favorable and offset this cost.

The non-polar solvation energy (AG SASA),
which reflects the desolvation of the non-polar
surface area, was negative for both complexes,
which offers a favorable contribution to
binding. Loratadine has a more negative AG
SASA (-20.23 £ 0.77 kJ/mol) compared to 3DT
(-14.28 + 0.72 kJ/mol), which suggests that the
desolvation of the non-polar surface area
around loratadine is more energetically
favorable than for 3DT.

Cell viability

We used the MTT assay to determine the
toxicity of loratadine on the KYSE-30 cell line
for 48 h. The obtained results illustrated those
various concentrations of loratadine, except for
150 uM, had no cytotoxic effect on the KYSE-
30 cell line compared to the vehicle group
(DMSO, 0.6%). Our findings showed that
higher concentrations of loratadine, above
150 uM, could reduce the viability of KYSE-30
cells in a concentration-dependent manner.
Subsequently, we selected a 100 uM
concentration of loratadine as the highest
concentration, which was not toxic to the
KYSE-30 cells but could cause changes in the
mo6A level during the treatment process. The
obtained results are demonstrated in Fig. 8A.
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Table 2. MM/PBSA energy results for FTO-3DT and FTO-loratadine complexes.

Compound AG binding energy AG Vdw AG elec AG polar AG SASA

p (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Loratadine -135.73 £17.15 -185.97 +9.75 -1.51£3.59 71.99 £ 14.28 -20.23 +£0.77
3DT -104.68 + 11.12 -152.91 +£10.52 -21.56 £ 6.74 84.08 £10.37 -14.28 £0.72

FTO, fat and obesity-associated protein; 3DT, 3-methylthymidine; Vdw, van der Waals; elec, electrostatic; polar solvation (AG polar), SASA, solvent
accessible surface area
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Fig. 8. (A) Cytotoxic effect evaluation of various concentrations of loratadine on KYSE-30 cells after 48-h treatment
using the MTT assay; (B) m6A level in total RNA isolated from KYSE-30 cells treated with loratadine (100 pM) or
DMSO 0.6%. P <0.05 and P < 0.001 indicate significant differences compared to DMSO 0.6%.

M6A levels in total RNA isolated from the inhibition may be an appropriate target for the

KYSE-30 cell line treatment of FTO-dependent diseases.

The previous studies suggest that the MD identified ergotamine, loratadine,
suppression of FTO may lead to an increase in midazolam, and digoxin as interactors with
m6A content within RNA (16, 17, 59). To FTO’s binding pocket. Loratadine (a second-
confirm this hypothesis, the ELISA assay was generation antihistamine used for allergies)

utilized. For this purpose, KYSE-30 cells were emerged as the most promising FTO inhibitor
treated with 100 pM of loratadine alongside due to its favorable binding profile (69, 70).

0.6% DMSO as a control. The findings revealed MD simulation revealed loratadine's strong
that after 48 h of treatment with loratadine at FTO binding via (1) stable complex formation,
100 puM, there was a significant elevation in (2) maintaining hydrogen bonds, and (3)
mo6A levels in the total RNA when compared to favorable energies. These computational results
the DMSO control group (Fig. 8B). strongly suggest that loratadine could
effectively inhibit FTO's m6A demethylase

DISCUSSION activity, making it a prime candidate for further

drug development targeting RNA epigenetic

This study explored FDA-approved drugs as modifications. Several studies have focused on
potential FTO inhibitors, an m6A demethylase FTO inhibitors; however, more investigation is

linked to obesity, diabetes (60), cardiovascular needed on the FDA-approved drugs approach to
diseases (61), and cancers (e.g., esophageal drug repurposing (51, 60, 71-74). Notable
cancer) (62). FTO regulates key metabolic studies by Huang et al. (75), Wang et al. (76),
and developmental processes (glucose/fat Peng et al. (77), and Han et al. (78) have
metabolism, growth, fertility) by removing identified meclofenamic acid, fluorescein,
m6A marks from mRNAs in the entacapone, and nafamostat mesylate,
epitranscriptome  (63-68).  Therefore, its
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respectively, as potential FDA-approved FTO
inhibitors.

Huang e al. demonstrated that
meclofenamic acid and its derivative (ethyl
ester-MA, MA2) effectively inhibit the m6A
demethylase activity of FTO. Their study
established a safe dosage range for MA2
between 80-120 pM. Notably, our findings
indicated that loratadine exhibits comparable
inhibitory effects at concentrations below 100 uM,
suggesting  potentially greater inhibitory
potency against FTO's mo6A demethylase
activity at lower concentrations (75).
Additionally, Wang et al. identified fluorescein
(FL) derivatives as potent FTO inhibitors and
binding ligands. Treatment with FL8 and FL9
at concentrations ranging from 20 to 150 uM
resulted in cell viabilities exceeding 95%,
indicating low cytotoxicity. However, this level
of viability was relatively lower than the
established safety profile observed with
loratadine. Although fluorescein derivatives
exhibited favorable cytotoxicity profiles, they are
primarily advantageous for FTO labeling
applications rather than therapeutic inhibition
(76).

Furthermore, Peng et al. demonstrated that
entacapone  effectively  inhibits  FTO
demethylase activity, resulting in elevated m6A
levels in HepG2 cells at concentrations of 10-
100 pM, a range comparable to our
observations with loratadine. This functional
similarity likely stems from shared structural

features between these compounds that
facilitate analogous binding interactions with
FTO's binding site (77).

FTO-04 compound has been reported to
considerably increase mo6A levels in
glioblastoma stem cells through FTO inhibition
at a low concentration of 2.79 uM, which is
inconsistent with our observations. Loratadine
required a higher concentration (100 pM) to
achieve comparable effects. This differential
potency may be attributed to both structural
variations between the compounds and inherent
differences in cell line sensitivity to treatment
(79). Subsequently, our findings revealed that
loratadine has inhibitory potential on FTO
demethylase activity, which increases m6A levels
in RNA isolated from KYSE-30 cells treated with
loratadine at 100 uM.
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This study computationally identified
loratadine as a promising FDA-approved FTO
inhibitor, demonstrating stable binding and
potential epigenetic modulation at
concentrations less than 100 pM. While
existing inhibitors (€.g., MA2, entacapone,
FTO-04) show variable potency across cell
lines, loratadine's balanced efficacy and safety
profile position it as a viable candidate for
repurposing against FTO-related diseases.
Further experimental validation is warranted to
establish its therapeutic potential relative to
known inhibitors.

CONCLUSION

FDA-approved virtual screening of 1576
drugs was performed over the FTO-binding
pocket. The virtual screening consisted of four
ligands, including midazolam, ergotamine,
digoxin, and loratadine. MD simulation applied
to determine the stability of loratadine as the
selected ligand in the FTO-binding pocket for
100 ns. MD simulation results were also in
good agreement with docking results and
revealed the appropriate stability along with
proper interaction during 100 ns, for loratadine.
Besides, the in vitro study confirmed that FTO
inhibition by loratadine led to an increase in the
mo6A levels in total RNA isolated from the
KYSE-30 esophageal cancer cell line.
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