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Abstract: Glycogen synthase kinase-3 beta (GSK-3β) plays a crucial role in multiple cel-
lular processes and is implicated in different types of cancers and neurological disorders,
including Alzheimer’s disease. Despite extensive efforts to develop novel GSK-3β in-
hibitors, the discovery of potent and selective lead compounds remains a challenge. In this
study, we evaluated the GSK-3β inhibitory potential of semisynthetic flavonoid derivatives,
which exhibited sub-micromolar activity. To gain further insights, we employed molecular
docking, molecular dynamics simulations, and pharmacokinetic profile predictions. The
docking studies revealed that the most potent inhibitor, compound 10, establishes key
interactions with the ATP-binding site. Molecular dynamics simulations further confirmed
that compound 10 maintains stable interactions with GSK-3β throughout the simulation.
Additionally, pharmacokinetic predictions identified compound 3 as a promising candi-
date for Alzheimer’s disease therapy due to its ability to cross the blood–brain barrier.
These findings suggest that, within the studied flavonoid derivatives, these compounds
(particularly 10 and 3) hold potential as lead compounds for GSK-3β inhibition. The
combination of strong enzymatic inhibition, stable binding interactions, and favorable
pharmacokinetic properties highlights their promise for further development in cancer and
neurodegenerative disease research.

Keywords: semisynthesis; triazole; GSK-3β inhibitory activity; Alzheimer’s disease; cancer

1. Introduction
The glycogen synthase kinase-3 (GSK3) gene family includes GSK3A and GSK3B,

which are closely related. GSK3A encodes a 51 kDa protein, while GSK3B encodes a slightly
smaller protein of 47kDa [1]. These two isoforms share approximately 85% sequence
similarity overall, with their catalytic domains being fully conserved (100%). Structurally,
GSK-3α and GSK-3β are distinguished by unique N- and C-terminal regions. Both proteins
adopt a bilobed conformation, where the larger, globular C-terminal domain contains the
catalytic site, and the smaller N-terminal domain houses the ATP-binding region. As a
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kinase, the ATP-binding site is positioned within a cleft between these two domains [2].
Glycogen synthase kinase-3 beta is a ubiquitously expressed serine/threonine kinase and
initially revealed as a pivotal enzyme for glycogen metabolism [3]. This protein is now
recognized as a regulator of diverse cellular functions [4] related to oncogenesis and
neurological diseases and its dysfunction can result in diabetes, cancer, and psychiatric
conditions, such as schizophrenia, bipolar disorder, depression, and Alzheimer’s Disease
(AD) [5]. Control of the activity of diverse metabolic, signaling, and structural proteins
by GSK-3 occurs through the phosphorylation of several substrates catalyzed by this
protein [6].

Tumor suppression related to GSK-3β consists of its ability to phosphorylate pro-
oncogenic pathways such as c-Jun [7], c-Myc [8], cyclin D1 [9], and β-catenin [10] for
ubiquitin-dependent proteasomal degradation. Moreover, recently it was described in
the literature that GSK-3β is a positive regulator of cancer cell proliferation and survival,
showing further support for GSK-3β as a therapeutic target [3]. GSK-3β up-regulates the
function of nuclear factor (NF)-kB, interfering in pathways associated with cell prolifer-
ation, the synthesis of pro-tumorigenic cytokines, and the progression of resistance to
apoptosis [11].

At the time of the preparation of this report, 50 million individuals are affected by
dementia worldwide [12]. As a consequence of growing life expectancies, the number of pa-
tients diagnosed with this neurological disorder is estimated to triple by 2050. Alzheimer’s
disease is a type of dementia usually observed in the elderly with a growing number of
incident cases per year [13]. The morphology of AD reveals that damage to central nervous
system (CNS) is initiated 10 to 20 years before any clinical problems are diagnosed [14].
GSK-3 has an intrinsic relationship with AD since it participates in the hyperphospho-
rylation of tau protein, a crucial structure in neurofibrillary tangles that is known to be
one of the hallmarks of AD. Further investigation revealed that GSK-3 is involved in the
control of several neuronal processes which are abnormal during AD pathogenesis, such
as the production of amyloid-β (Aβ) peptide or Aβ-induced cell death, axonal transport,
cholinergic function, and adult neurogenesis or synaptic functioning [15].

Molecular dynamics (MD) simulations, a hallmark computational technique used to
study (bio)(macro)molecules, have been widely used to explore unbiased conformations
of ligands and receptors, accounting for their dynamic flexibility and interactions over
time [16,17] in order to overcome the ‘lock-and-key’ theory in which a static receptor is
adopted to dock a small molecular entity without any conformational modification. The
relevance of this improved technique is corroborated by crystallographic studies which
have convincingly revealed the need to explore protein flexibility in ligand binding. MD
applies simple approximations based on Newtonian physics to promote atomic motions
and optimize computational efforts [18]. In addition, numerous reports using MD and
experimental data in the literature can be seen to validate this computational technique [19]
and a good agreement has been observed [20].

Flavonoids have been explored through numerous in vitro and in vivo studies, which
have elucidated that this class of natural products interferes with processes and pathways
relevant to AD and cancer progression, such as amyloid β peptide and tau pathology,
increases in brain-derived neurotrophic factor, inflammation, oxidative stress, neurogenesis
and the regulation of apoptosis, the cell cycle, metabolism, and cells’ longevity, respectively.
So far, more than 5000 compounds showing a flavonoid skeleton, which are encountered
almost ubiquitously in plants broadly used in the human diet, have been described in the
literature [21]. The molecular mechanisms of action presented by flavonoids against these
disorders are detailed in the literature, including the flavonoid-mediated regulation of tau
phosphorylation and aggregation related to proline-directed kinases such as GSK-3 [22],
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CDK5 [23], and members of the MAPK family [24], the degradation and inhibition of
the aggregation of amyloid β peptide involving the estrogen receptor α (ERα)-mediated
activation of the PI3K/Akt pathway, and activation of the pro-ADAM10 cleavage enzyme
furin through a PI3K-independent mechanism [25] and the Akt/GSK-3 signaling pathway,
which is dysregulated in several tumors [21].

The strategy of creating alternative treatments for AD and cancer by targeting amyloid
β peptide, tau protein, and regulatory kinases is widely used to produce novel therapeu-
tics derived from natural products and their semisynthetic derivatives. In this context,
flavonoids are particularly attractive due to their structural diversity and established activ-
ity on kinase-mediated pathways, including those involving GSK-3β. Herein, we report the
enzymatic evaluation of sixteen flavonoid derivatives (Figure 1) against GSK-3β, supported
by binding mode prediction through molecular docking, molecular dynamics simulations,
and pharmacokinetic profiling, which corroborate the sub-micromolar IC50 values obtained
for the most active compounds, 3, 5, and 10.

Targets 2025, 3, x FOR PEER REVIEW 3 of 16 
 

 

have been described in the literature [21]. The molecular mechanisms of action presented 
by flavonoids against these disorders are detailed in the literature, including the 
flavonoid-mediated regulation of tau phosphorylation and aggregation related to proline-
directed kinases such as GSK-3 [22], CDK5 [23], and members of the MAPK family [24], 
the degradation and inhibition of the aggregation of amyloid β peptide involving the 
estrogen receptor α (ERα)-mediated activation of the PI3K/Akt pathway, and activation 
of the pro-ADAM10 cleavage enzyme furin through a PI3K-independent mechanism [25] 
and the Akt/GSK-3 signaling pathway ,which is dysregulated in several tumors [21]. 

The strategy of creating alternative treatments for AD and cancer by targeting 
amyloid β peptide, tau protein, and regulatory kinases is widely used to produce novel 
therapeutics derived from natural products and their semisynthetic derivatives. In this 
context, flavonoids are particularly attractive due to their structural diversity and 
established activity on kinase-mediated pathways, including those involving GSK-3β. 
Herein, we report the enzymatic evaluation of sixteen flavonoid derivatives (Figure 1) 
against GSK-3β, supported by binding mode prediction through molecular docking, 
molecular dynamics simulations, and pharmacokinetic profiling, which corroborate the 
sub-micromolar IC₅₀ values obtained for the most active compounds, 3, 5, and 10. 

 

Figure 1. O-alkylated 1–7 and triazole 8–16 derivatives of 6-hydroxy-flavanone. 

The 6-Hydroxyflavanone scaffold was selected as the core scaffold for modification 
based on our preliminary MD studies, which suggested favorable interactions with GSK-
3β. Despite the increasing interest in flavonoid-based GSK-3β inhibitors, a comprehensive 
literature survey revealed that 6-hydroxyflavanone derivatives have not previously been 
investigated for their potential GSK-3β-inhibitory activity. Therefore, this study aims to 
explore the uncharted potential of this underexplored scaffold and to provide the first 
experimental data on its inhibitory profile. 

2. Materials and Methods 
2.1. Chemical Synthesis 

The O-alkylated 1–7 and triazole 8–16 derivatives of 6-hydroxy-flavanone (Figure 1) 
were previously synthesized by our group [26]. 

  

Figure 1. O-alkylated 1–7 and triazole 8–16 derivatives of 6-hydroxy-flavanone.

The 6-Hydroxyflavanone scaffold was selected as the core scaffold for modification
based on our preliminary MD studies, which suggested favorable interactions with GSK-3β.
Despite the increasing interest in flavonoid-based GSK-3β inhibitors, a comprehensive
literature survey revealed that 6-hydroxyflavanone derivatives have not previously been
investigated for their potential GSK-3β-inhibitory activity. Therefore, this study aims to
explore the uncharted potential of this underexplored scaffold and to provide the first
experimental data on its inhibitory profile.

2. Materials and Methods
2.1. Chemical Synthesis

The O-alkylated 1–7 and triazole 8–16 derivatives of 6-hydroxy-flavanone (Figure 1)
were previously synthesized by our group [26].

2.2. Biological Testing
GSK-3β Enzymatic Assay

The GSK-3β-inhibitory activity of sixteen flavonoid derivatives was measured us-
ing the “GSK-3β kinase enzyme system” (PROMEGA). In brief, to make a final reaction
enzyme concentration of 1 nM, GSK-3β human was diluted in a solution with 4Xre-



Targets 2025, 3, 13 4 of 15

action buffer and dithiothreitol (200 M). A 2.5X ATP/substrate mixture was made by
mixing 4X reaction buffer, 100 M ATP, and 1 mg·mL−1 GSK-3 substrate (YRRAAVPPSP-
SLSRHSSPHQ(pS)EDEEE) derived from human muscle glycogen in a 1:1:2 ratio. Inhibitors
were solubilized on DMSO (pure, SIGMA ALDRICH, St. Louis, MO, USA) to make 20 mM,
2 mM, and 0.2 mM solutions (with final reaction concentrations of 1 mM, 1 µM, and 1 nM,
respectively, and always on 5% DMSO).

The reaction was carried out on a 384 low-volume plate. First, 1 µL of inhibitor, 2 µL
of enzyme solution, and 2 µL of ATP/substrate mix were added to each well. One well
included DMSO instead of an inhibitor to make a reaction standard with 100 percent
enzyme activity. Instead of inhibitor and enzyme, DMSO was added to one well to make
a reaction standard with 0% enzyme activity. The final volume of all wells was the same.
The plate was incubated for 60 min at 30 ◦C. Then, 5 µL ADP-GLO® reagent was applied
to each well to deplete any remaining ATP after the reaction. After 40 min of incubation
at 30 ◦C, the reaction was complete. Finally, 10 µL of Kinase Detection Reagent® was
applied to each well to convert the ADP to freshly synthesized ATP and conduct the Lu-
ciferase/Luciferin reaction. After 60 min of incubation at 30 ◦C, the luminescence was
measured (integration time 0.5–1 s). All of these processes were carried out in triplicate
for each concentration/inhibitor. The findings were standardized to a 100 percent enzyme
activity level using relative light units (RLUs). GraphPad Prism 7.00 software (Graph-
Pad Software, Inc., Boston, MA, USA) was used to measure the IC50 using a non-linear
regression log (inhibitor) vs. a response normalized.

2.3. Computational Methods
Molecular Docking

A molecular docking study was carried out using GOLD 2021.1.0 software to analyze
the interactions between the most active inhibitors, 3, 5, and 10, and the biological target
GSK-3β. The crystallographic structure GSK-3β was obtained from the Protein Data
Bank www.rcsb.org/ (accessed on 12 May 2023, PDB code 4ACG, resolution 2.60 Å). The
parameters were chosen by testing several during the redocking step modifying (a) the score
function, (b) the cavity diameter at the ATP-binding site around the crystallographic ligand,
(c) the flexibilization of the amino acid residues, and (d) the presence of structural water
molecules. Then, the lowest RMSD (Root-Mean-Square Deviation) value was obtained
from the overlap between the redocking pose and the crystallographic ligand.

An RMSD value lower than 2.0 Å is considered satisfactory for the parameters to
be applied in docking simulations with the most active inhibitors, 3, 5, and 10. The best
configuration of each inhibitor was selected and analyzed with PyMOL(TM) 3.1.1 software
and Proteins Plus (http://proteins.plus, accessed on 30 July 2024). The main interactions
between the best configuration of inhibitors 3, 5, and 10 and the protein were highlighted
as described.

2.4. Molecular Dynamics

The complexes resulting from the docking of compounds 3, 5, 10 and SB415286
were used for all-atom MD simulations, including the enzymes in the apo form, using
the GROMACS 2022.3 package and the CHARMM36 force field, last updated in July
2022 [27,28]. Each complex was solvated inside a dodecahedral box with a three-point water
molecules model (TIP3P), allowing for a minimum of 1 nm of marginal distance between
the protein and each side of the simulation box [29]. The net charge of the simulation system
was neutralized by counter-ions Na+ and Cl− that replace water molecules and, to replicate
the physiological conditions of the cell environment, we increased the concentration to
150 mM [30].

www.rcsb.org/
http://proteins.plus
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The simulation was conducted in three stages and a force constant of
1000 kJ·mol−1·nm−2 was used to constrain all the heavy atoms. The first energy minimiza-
tion step involved the initial optimization of each system geometry using 5000 iterations
with the steepest descent algorithm. The subsequent step involved equilibrating the system
in two stages, where the system was conditioned for 100,000 iterations (100 ps) in each stage
(with a timestep of 2 fs). We performed the first stage of equilibration under a constant set
of particle numbers, volumes, and temperatures (NVTs). Then, we performed the second
stage of equilibrium under a constant set of particle numbers, pressures, and temperatures
(NPTs) at 1 atm using C-rescale barostat and 300 K using the V-rescale thermostat [31,32].
We used the Particle Mesh Ewald (PME) algorithm to calculate the electrostatic interactions,
and the hydrogen bonds were constrained by the LINCS algorithm [33].

Finally, we performed the production step for 200 ns, in independent triplicates. We
calculated comparative data, including the Root Mean Square Deviation and Fluctuation
(RMSD and RMSF, respectively), by analyzing the MD trajectories using GROMACS 2022.3
tools. Ultimately, we estimated the binding free energy between ligands and proteins using
the GROMACS module “gmx_MMPBSA” [34,35]. Additionally, an interaction map was
generated using in-house Python scripts, employing the pandas, matplotlib, and seaborn
libraries, along with the Protein-Ligand Interaction Profiler (PLIP) 2.4.0 [36]. PLIP was used
to extract molecular interaction data from the simulations. These data were then compiled
into a single data frame using pandas and visualized through scatter plots where different
types of interactions were distinctly colored using matplotlib and seaborn.

2.5. Pharmacokinetic Prediction

Since ADME properties are crucial to confirm whether the semisynthetic flavonoids 3,
5, and 10 are potential drug candidates to serve as anticancer agents or for AD therapy, in
silico calculations of molecular properties and drug-like parameters were performed based
on theoretical approaches to identify drug-like requirements in the most active compounds.
Molecular properties (molecular weight, LogP value, number of hydrogen bond acceptors
(HBA), number of hydrogen bond donors (HBD), total polar surface area incorporated
with Lipinski’s rule of five were applied using the SwissADME server (http://www.
swissadme.ch/index.php, accessed on 12 March 2024) [37]. We submitted the SMILES data
for the selected molecules for the prediction of their physicochemical properties and for the
generation of a BOILED-Egg plot, which provides data on gastrointestinal absorption and
blood–brain barrier permeation [38].

3. Results
3.1. GSK-3β Inhibitory Activity of Flavonoid Derivatives

The flavonoid derivatives were evaluated for GSK-3β enzymatic inhibition using the
Kinase Enzyme System (PROMEGA), which reveals the amount of ADP produced through
the kinase reaction. The IC50 values obtained for the semisynthetic flavonoids 1–16 are
highlighted in Table 1. Six of them showed clear sub-micromolar inhibitory activity against
the triazole derivatives. Compounds 3, 5, 10, 11, and 15 exhibited a higher potency against
GSK-3β with IC50 values ranging from 0.376 to 0.655 µM. Interestingly, the molecular
hybridization strategy applied to obtain these compounds was capable of gathering well-
established pharmacophoric portions, such as the triazole ring in 10 with an IC50 value of
0.376 µM, and the naphthoquinone nucleus in 5 with an IC50 value of 0.428 µM, with the
flavonoid scaffold.

http://www.swissadme.ch/index.php
http://www.swissadme.ch/index.php
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Table 1. Inhibitory activity of flavonoid derivatives against GSK-3β.

IC50 (µM) Compound

29.08% [a] 1
1.211 2
0.467 3
5.941 4
0.428 5
61.89 6
1.589 7
7.476 8
1.426 9
0.376 10
0.655 11
2.027 12

4.52% [a] 13
0.959 14
0.607 15
2.752 16
0.096 SB415286

[a] % enzymatic activity at 1 mM.

Based on the inhibitory activity results, a preliminary SAR analysis indicates that
specific structural features significantly influence GSK-3β inhibition. Notably, compounds
bearing 1,2,3-triazole moieties (e.g., 10, 11, and 15) demonstrated improved potency, sug-
gesting that this heterocycle contributes favorably to interactions within the ATP-binding
site, likely through hydrogen bonding and π-stacking interactions. Additionally, the
naphthoquinone-substituted flavonoid (compound 5) also showed a high inhibitory activ-
ity, which may be attributed to enhanced π-system interactions and increased molecular
rigidity. In contrast, simpler O-alkylated derivatives (e.g., 1, 2, and 4) exhibited weaker
activity, implying that minimal substitution in the flavanone core is insufficient to establish
effective binding. These findings underscore the relevance of molecular hybridization
strategies that combine the flavonoid scaffold with additional pharmacophores to optimize
the binding affinity and biological activity against GSK-3β.

3.2. Docking Studies

The parameters obtained from the redocking analyses performed for the docking sim-
ulations are related to the lowest RMSD values in comparison with score functions and the
center of the grid box around the crystallographic ligand as highlighted in Supplementary
Table S1. Water molecules were not considered as well as flexibilization of crucial amino
acid residues. Then, the following parameters were applied in the docking simulations: (i) a
docking box within 5 Å around the crystallographic ligand, and (ii) the Goldscore function
to rank the resultant conformations. The best configurations for redocking as illustrated in
Figure 2 revealed pivotal interactions with amino acids residues in the ATP-binding site
in GSK-3β.

In Figure 3 is presented the best configurations for binding mode predictions for the
most active compounds 3, 5 and 10, which stabilized the ATP-binding site of GSK-3β
through interactions comprehending pivotal amino acid residues for catalytic function such
as represented in Supplementary Table S2. Compounds 3, 5 and 10 exhibited a hydrogen
bond interaction with the Lys85 residue, additionally, compounds 10 and 5 showed a
hydrogen bond with Cys199. Moreover, 10 and 3 performed π-stacking interactions with
Phe67 (Figure 3). These interactions are capable of stabilizing the active site in proteins and
corroborating the notorious enzymatic inhibitory properties of flavonoid derivatives.
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3.3. Molecular Dynamics Results

To validate the molecular dynamics simulations, RMSD and RMSF analyses were
performed, confirming the overall stability of the system and consistent conformational be-
havior across all ligand–enzyme complexes. Compound 10 showed slightly less fluctuation
in key regions, suggesting stable binding interactions. Detailed results and corresponding
plots are available in Supplementary Figure S1.

In addition to these analyses, the interaction map obtained further contributes to the
interpretation of the stability generated in each complex. In the simulation of GSK-3 with
compound 3 (Figure 4A), it can be observed that the ligand interacts predominantly with
Phe67, Lys85, and Lys86 throughout the simulation, which are interactions observed in
docking. These interactions are mainly of the hydrogen bond, halogen, and pi-stacking type.
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(D) SB415286.

The simulation with compound 5-receptor complex generated a map with interactions
between similar residues demonstrating differential behavior, in addition to other residues
that interacted with less predominance throughout the simulation (Figure 4B). The residues
in this map confirm the interactions seen in docking. The residues with the interactions
with the longest residence time were Lys85, Val135, and Gly63.

The interaction pattern of the catalytic residues in SB415286 can be seen in the in-
teraction map in Figure 4C, which was created for comparison with simulations of the
derivatives. A clear similarity between the residues is noted in the simulations in which the
residues with the longest residence times and interactions were Ile62, Lys85, Tyr134, Val135
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Arg141, and Asp200. These interactions were principally of the hydrogen bond type, and
we highlight the proximity of the residue Phe67 to those performing pi-stacking interac-
tions. As seen in this interaction pattern, the simulation complexed with 10 surpassed the
stability of the predicted interactions in addition to maintaining additional interactions
with important residues. The predominant interactions are still of the hydrogen bond type,
and we highlight greater stability with the residues Asn64, Gly65, Ser66, Phe67, and Lys85.
Glu97, Val135, Gly185, Asp200, and Phe201 were also observed in other studies. Thus, we
were able to compare the conformational stability that each ligand provides in the GSK3-β
structure and justify the activities observed in the assays.

3.4. Free Energy Calculations

The MM/PBSA method was applied to calculate the binding free energy between the
complexes. After obtaining the trajectories through molecular dynamics simulations, it
was possible to evaluate the most stable trajectories and, thus, estimate the binding energy
values between the ATP binding site of GSK-3β and compounds 3, 5, 10, and SB415286
(Table 2). The binding free energy values (∆G) for all complexes revealed estimated ∆G
values less than zero, indicating a binding affinity with GSK-3β.

Table 2. Binding free energy (∆G) values obtained for complex between GSK-3β and 3, 5, 10,
and SB415286.

SEM * ∆GMM/PBSA Complex

±0.12 −31.08 GSK3β-3
±0.44 −28.43 GSK3β-5
±0.83 −50.10 GSK3β-10
±0.69 −19.88 GSK3β-SB415286

* Standard error mean.

Compound 10 stands out with the lowest estimated value (−50.10 kcal/mol). We
believe that this estimate is equivalent to the nature, quantity, and residence time of the
interactions throughout the simulations. Thus, we observe that these results corroborate
what was observed in the assay and docking results. Furthermore, the predominance of
hydrogen bonding and pi-stacking interactions stands out, and in Figure 5, the residues that
contributed most to stability, and consequently the estimated free energy value, are shown.

However, it is important to highlight that, although the binding free energy of GSK3β-
10 is indeed lower (indicating a stronger interaction than GSK3β-SB415286), this does not
necessarily mean that compound 10 has a more efficient inhibitory activity than SB415286,
as enzymatic activity is influenced by additional factors. The lower ∆G value for the GSK3β-
10 complex can be attributed to a greater enthalpic contribution, suggesting that compound
10 binds to GSK3β more stably, likely through strong interactions such as hydrogen bonds
and π-stacking. These enthalpic interactions may be stronger in the case of compound 10,
with a higher density of interactions at critical points in the enzyme’s active site, such as
Lys85, Cys199, and Phe67, which stabilize the interaction. The formation of additional
interactions in the GSK3β-10 complex could result in a more unfavorable entropic effect, as
the formation of more organized complexes, with more bonds and specific interactions, may
reduce the freedom of movement of the involved molecules. Teague, in his work, revealed
the importance of flexibility in drug-related receptors [39]. This could partly explain the
greater binding affinity of compound 10, but not necessarily its greater inhibitory activity.
Entropy may be favorable in the case of SB415286, where a smaller number of more specific
and flexible interactions could result in a greater conformational freedom of the complex,
allowing the enzyme to function more efficiently in the context of enzymatic activity.
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3.5. Pharmacokinetic Prediction of Selected Compounds

As is well established, absorption, distribution, metabolism, and excretion (ADME)
are essential properties necessary to ensure a drug’s efficacy and are intrinsically related to
its physicochemical profile [37].

Thus, initially, through the TPSA and WLOGP parameters and physicochemical data,
the BOILED-Egg statistical plot was obtained to predict the penetration of the blood–brain
barrier (BBB) and gastrointestinal absorption of compounds 3, 5, and 10 (Figure 6A). These
parameters are represented in an ellipse shape. Compounds present in the yellow el-
lipse are related to a greater probability of penetration into the BBB. On the other hand,
compounds in the white region are predicted to display extended gastrointestinal absorp-
tion. In addition, compounds in the gray region are identified as non-bioavailable for
oral administration.

Thus, compound 3 was predicted to passively permeate the blood–brain barrier and,
consequently, was considered as the most promising drug candidate for AD therapy.
It is worth noting that a remarkable challenge facing a GSK-3β inhibitor in the drug
development process is its specific brain distribution, since is necessary to cross the blood–
brain barrier and to regulate the levels of GSK-3β in the brain [40].

Furthermore, a bioavailability radar, which enables a first glance at the drug-properties
of a new molecular entity, was generated in relation to six pharmacokinetic parameters,
lipophilicity (XlogP3 between −0.7 and 5.00), molecular weight (ranging 150 to 500 g/mol),
polarity (TPSA between 20 and 130 Å2), insolubility (log S between 0 and 6), unsaturation
(sp3 portion ranging 0.25 and 1), and flexibility (number of flexible bonds between 0 and 9).
Oral bioavailability is illustrated in the colored region. It is worth noting that compound
10, the most active GSK-3β inhibitor, revealed a clear pharmacokinetic profile on the radar
in relation to the commercial inhibitor SB415286 (Figure 6B).
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physicochemical characteristic.

Finally, Lipinski’s rule of five states that, based on orally active drugs, a small molecule
is considered to be a drug candidate if it has a molecular weight of less than 500 g·mol−1, a
lipophilicity, expressed as cLogP, less than 5, less than ten hydrogen acceptor groups, and
less than five hydrogen donor groups [41]. The three inhibitors studied, 3, 5, and 10, do not
violate Lipinski’s rule of five, corroborating the interesting pharmacokinetic profile of these
flavonoid derivatives.

4. Discussion
The results of this study reinforce the relevance of semisynthetic flavonoids as promis-

ing inhibitors of GSK-3β, with potential applications in neurodegenerative diseases and
cancer [21,42,43]. The enzymatic activity observed for compounds 3, 5, and 10, with sub-
micromolar IC50 values, suggests efficient interactions with the enzyme’s catalytic site.
Computational studies corroborate these findings, indicating crucial molecular interactions
that may justify the observed inhibitory activity.

Molecular docking analysis revealed that the most active compounds exhibited re-
curring interactions with key residues essential for the catalytic function of GSK-3β. The
Lys85 residue, identified in all complexes, stabilizes ATP in the active site, and its interac-
tion with the inhibitors may prevent substrate phosphorylation, a mechanism frequently
associated with GSK-3β inhibition [44]. Additionally, Cys199, observed in the interactions
of compounds 5 and 10, has been reported in the literature as a crucial site for allosteric
modulation of the protein, potentially contributing to the efficacy of these compounds. The
Phe67 residue, involved in π-stacking interactions with compounds 3 and 10, plays a key
role in stabilizing the molecule within the active site, enhancing binding affinity.

Molecular dynamics simulations provided additional evidence for the stability of
the complexes and the impact of inhibitors on GSK-3β flexibility. The RMSD analysis
demonstrated that compounds 3, 5, and 10 maintained stable interactions over 200 ns
of simulation, indicating that the ligands do not induce significant conformational per-
turbations in the protein [45,46]. RMSF calculations revealed that the largest structural
displacements occurred in loop regions near the active site, suggesting a possible impact
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on the enzyme’s catalytic dynamics. Notably, compound 10 exhibited the most stable and
long-lasting interaction profile, which may be related to the higher inhibitory potency
observed for it in enzymatic assays.

The binding free energy estimates (MM/PBSA) support the experimental findings,
with negative ∆G values for all complexes analyzed. Compound 10 presented the lowest
binding energy compared to compounds 3 and 5, which follow the differences observed in
the interactions. This result supports the hypothesis that the presence of the triazole moiety
in the compound contributes to additional interactions in the active site, increasing the
stability of the protein–inhibitor complex [47].

Beyond structural analysis, pharmacokinetic property predictions indicated that com-
pound 3 has a high probability of crossing the blood–brain barrier (BBB), suggesting its
potential as a candidate for Alzheimer’s disease therapy. This finding is particularly rele-
vant, as one of the main challenges in developing GSK-3β inhibitors for neurodegenerative
diseases is ensuring their efficient distribution in the central nervous system. On the other
hand, compound 10, due to its higher affinity for GSK-3β and binding stability, may be
a more suitable candidate for oncological applications, where selectivity and inhibitory
potency are critical factors [48].

The correlation between the computational results and experimental data reinforces
the reliability of the approaches used in this study. The combination of molecular model-
ing, molecular dynamics, and pharmacokinetic predictions allowed for a comprehensive
analysis of the interaction mechanisms of these inhibitors with GSK-3β, providing a robust
foundation for future structural optimizations.

5. Conclusions
In the last twenty years, GSK-3 has attracted particular attention for the development of

new molecular entities as an inhibitor due to its influence in several biochemical processes.
In this work we performed GSK-3β enzymatic assay to search novel inhibitors as lead
candidate and supported by computational methods. A small library of sixteen 6-hydroxy-
flavanone derivatives were evaluated as potential inhibitors against serine/threonine
kinase GSK-3β consisting of ethers and triazole derivatives. Six of them, 3, 5, 10, 11, 14, and
15, were revealed to have sub-micromolar inhibitory activity. The most active compounds,
3, 5, and 10, were submitted to docking simulations to predict the binding mode which
showed hydrogen bonds and π-stacking interactions which are crucial for inhibitory activity.
Pharmacokinetic profile prediction interestingly showed the p-fluorobenzyl derivative 3 as
a lead candidate for AD since it may be able to cross blood–brain barrier and act in the CNS.
Finally, the most active compounds, 3, 5, and 10, were subjected to molecular dynamics
simulations and free energy calculations. Thus, the results obtained in the molecular
dynamics simulations reveal that compound 10 interacts more stably with the ATP binding
site of this protein, which corroborated its inhibitory potential against GSK-3β.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/targets3020013/s1, Table S1. RMSD values considering
score function and cavity diameter, Table S2. Interactions of the most active compounds in binding
mode prediction with amino acids in GSK-3β (PDB: 4ACG), Figure S1. Molecular Dynamics information.
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