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Abstract

Background: Neurodegenerative disorders often involve increased monoamine oxidase B (MAO-B) activity, which
leads to excessive reactive oxygen species (ROS) and cell damage. Neuroprotection through ROS inhibition can be
achieved with MAO-B inhibitors, helping to reduce motor symptoms in Parkinson’s disease, amyloid plaques in
Alzheimer’s disease, and impairment in non-motor issues such as mood, cognition, sleep, and fatigue.

Methods: This study investigated the interaction and inhibitory potential of C8-substituted phenyl alkyl caffeine
derivatives against monoamine oxidase B (MAO-B) using molecular docking. Docking was performed through the
Virtual Screening interface of PyRx, integrated with the AutoDock Vina engine, to evaluate binding affinity and
active-site interactions. Additionally, in-silico absowption, distribution, metabolism, and excretion (ADME) profiling
and drug-likeness assessments were conducted to determine their suitability as potential reversible MAO-B inhibitors.
Results: Caffeine analogs with shorter substituents (4a, 4b) showed moderate interactions with the amino acids in the
substrate cavity of MAO-B, whereas derivatives with longer substituents, 8-(5-Phenylpentyl) caffeine (4d), (4e), and
(4f), exhibited robust binding affinities, -10.3, -10.5, and -10.3 kcal/mol, respectively. Among these compounds, 4d
emerged as the most selective inhibitor, forming strong, stable conventional hydrogen bonds. 4e and 4f also exhibited
substantial binding energies. 4i displayed strong interactions with slightly lower efficacy. ADME analysis revealed 4f
with high gastrointestinal (GI) absorption and blood-brain barrier (BBB) permeability, suggesting potential for CNS-
targeted applications.

Conclusion: This study demonstrates that 8-(5-Phenylpentyl) caffeine (4d) and 8-(5-Phenylpentyl) caffeine (4e) are
highly selective and potent inhibitors of MAO-B. Among all ligands, 8-(7-Phenylheptyl) caffeine (4f) stood out as a
reversible inhibitor, having high GI and BBB permeability. These findings highlight the importance of designing
selective and multifunctional MAO-B inhibitors for effective neuroprotective therapy.

Keywords: Flavin adenine cofactotr, Molecular docking, Monoamine oxidase inhibition, Patkinson’s disease, Phenyl
alkyl caffeine derivatives, Reversible inhibition

INTRODUCTION

Monoamine oxidase B (MAO-B) is a crucial enzyme implicated in neurodegenerative diseases such
as Parkinson’s disease (PD) and Alzheimer’s disease (AD), associated with dysregulation of signaling
pathways (1). It catalyzes the neurotransmitters such as dopamine, norepinephrine, and serotonin, thereby
regulating their synaptic concentrations and maintaining neural homeostasis. By oxidizing them, MAO-B
ensures proper brain function and mental health. Dysregulated MAO-B activity contributes to neurological
and psychiatric disorders by disrupting neurotransmitter balance and enhancing oxidative stress. Elevated
MAO-B activity increases hydrogen peroxide production, leading to the generation of reactive oxygen
species (ROS) and neuronal damage (2—4). For instance, PD is characterized by dopaminergic neuronal loss
in the substantia nigra pars compacta, partially attributed to altered MAO-B activity (5).

MAO-B inhibitors provide neuroprotection by reducing ROS formation and preserving

dopaminergic neurons. These inhibitors improve motor function in PD, reduce amyloid plaque deposition
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in AD, and alleviate non-motor symptoms such as mood disturbance, cognitive impairment, and sleep
disturbances. Selegiline, rasagiline, and safinamide are the principal MAO-B inhibitors in clinical use; the
first two act irreversibly, whereas safinamide binds reversibly (6-9). Selegiline improves motor performance
and quality of life in PD patients (10), while rasagiline delays disability progression in multiple system
atrophy (11). However, more potent and selective reversible inhibitors are needed to minimize side effects
associated with irreversible inhibition (12-15).

Natural products (NPs) such as flavonoids, xanthones, phenolic derivatives, alkaloids, and caffeine
have shown promise as sources of MAO-B inhibitors (12, 13). Caffeine, a natural stimulant present in coffee,
tea, and cocoa, modulates neurochemical pathways via phosphodiesterase inhibition (16), benzodiazepine
receptor binding (17), and MAO-B interaction. Several C8-substituted caffeine derivatives, (E)-8-(3-
chlorostyryl) caffeine and 8-(3-bromobenzyloxy) caffeine, exhibit potent MAO-B inhibition with ICs, values
of 0.128 uM and 0.068 uM, respectively (18, 19). A C8-substituted caffeine analog bearing a 4-
phenylbutadien moiety demonstrated dual inhibition of MAO-B and A,A adenosine receptors, suggesting
synergistic neuroprotective effects (20). The structures of reported caffeine derivatives, along with other
important inhibitors such as rasagiline, safinamide, and selegiline, are provided in Fig. 1.

Recently, novel reversible and highly selective MAO-B inhibitors have been identified through in
silico and medicinal chemistry approaches, characterized by their high reversibility, selectivity, and
diminished incidence of adverse effects. Examples include dolutegravir, a dual MAO-B and AChEinhibitor
proposed for AD therapy (21), and newly synthesized pyridazinone (TR1-TR16) (22) and nitro-amide
(NEA1-NEA5) scaffolds (23).

Structurally, MAO-B exists as a dimer, with each monomer containing a flavin adenine dinucleotide
(FAD) cofactor within its active site (24). The enzyme’s catalytic pocket comprises two cavities —a substrate
cavity and a hydrophobic entrance cavity separated by gating residues 1le199 and Tyr326, which regulate
substrate and inhibitor access (25-27). Residue Cys172 further contributes to MAO-B selectivity (28).
Structural studies reveal that potent inhibitors typically engage FAD and critical residues such as Ile199,
Tyr326, Tyr398, and Tyr435 within the active site (23, 24, 29, 30).

This study aimed to identify potential reversible MAO-B inhibitors among C8-substituted caffeine
derivatives through molecular docking (PyRx + AutoDock Vina) and in silico absorption, distribution,
metabolism, and excretion (ADME) analyses. To achieve this, we conducted a series of computational
docking analyses. The structure of phenyl-alkyl caffeine analogs is given in Table 1. Computational docking
was performed to elucidate binding modes and molecular interactions between potent caffeine analogues
and the MAO-B active site. ADME profiling was further conducted to predict pharmacokinetic properties
such as gastrointestinal absorption (GI), blood—brain barrier (BBB) permeability, and favorable solubility,
specifically assessing properties of the synthesized C8-positioned phenyl alkyl caffeine derivatives. These
evaluations are intended to support the design of selective, reversible MAO-B inhibitors with optimal

neuroprotective potential for managing neurodegenerative diseases.

METHODOLOGY
CHEMICAL COMPOUND PREPARATION

Caffeine analogs were created using ChemSketch software. These eight caffeine analogs were

subsequently saved in a mol. file format for future use.

PROTEIN DATA RETRIEVAL AND PROTEIN STRUCTURE REFINEMENT

The crystallographic structure of MAO-B was obtained from the Protein Data Bank (PDB) using the
PDB ID (2V5Z) (25, 31). The crystallographic structures were chosen from homo-sapiens show cased optimal
ligand enrichment factors (32, 33).

Discovery Studio 2021 Client software was utilized to refine the protein structure (34). It involves
the removal of attached ligands, cofactor FAD, and water molecules, and polar hydrogen atoms were
introduced. From the two available chains of MAO-B, chain ‘A’ was selected, and the resulting protein

structure was saved in PDB format.
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Table I. Chemical and physical data of the titted compounds

S.no. Name of the compound  Molecular Structure
formula
1. 8-(2-Phenylethyl) CisHisNiO2 o /
caffeine (4a) \N N
A e
0 T W
2. 8-(3-Phenylpropyl) Ci7Hzo N:O2 O /
caffeine (4b) g N
A A
o |\|1 N
3. 8-(4-Phenylbutyl) CisHe2 N4O2 o
caffeine (4c) & N/
PP
o T N
4. 8-(5-Phenylpentyl) CioHas N2O2 o
caffeine (4d) S N/

5. 8-(6-Phenylhexyl) C20Hz6 N:O2 /
caffeine (4e) T N
A
0 T o
6. 8-(7-Phenylhe ptyl) Ca1Hes NiO2

o
caffeine (4f) S N/
Qe
o T N

7. 8-(3-Oxo-3- Ci7His NiOs o
phenylpropyl) caffeine

7
(4h) o
A

8. 8-(4-Oxo-4-phenylbutyl)  CisHz2 NsOs ]
caffeine (4i)
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DOCKING ANALYSIS

Docking analysis was conducted using the Virtual Screening software interface PyRx. The protein
structure was initially uploaded and converted into pdbqt format by selecting the "make macromolecule”
option. Ligands were imported using the Open Babel option, and their energies were minimized. All ligands
were then converted into pdbqt format. To specify the active site of MAO-B, the positioning of the grid box
was arranged to encompass the entire binding site and facilitate the proper docking of larger molecules. The
docking grid box was configured to fully encompass the active site of MAO-B with these parameters: Center
coordinates (x = 52.768, y = 154.818, z = 25.920), Grid box dimensions (x = 40 A, y =50 A, z =40 A), and
exhaustiveness parameter set to 8. These parameters ensured adequate coverage of the enzyme’s binding
pocket, allowing accurate docking and interaction analysis of the caffeine derivatives. Subsequently, the
docking process was initiated by selecting both the ligands and the protein, followed by the execution of the
Vina algorithm using the "run vina" option. The 2D and 3D interaction visualizations of the docked
complexes were generated using Biovia Discovery Studio Visualizer (DSV) and PyMOL. PyMOL was
employed for 3D structural visualization and active-site confirmation, while DSV was used to produce
detailed 2D interaction diagrams, highlighting hydrogen bonds, hydrophobic contacts, and key amino acid
interactions with MAO-B.

Docking validation was performed using re-docking of the co-crystallized ligand into the active site
of the target protein (PDB ID: 2V5Z). The docked poses were compared with the crystallographic
conformation using RMSD values calculated by AutoDock Vina. The top-ranked poses showed RMSD < 2.0
A (0.000 A for best poses), con firming the accuracy and reliability of the docking protocol. Visualization and

confirmation of binding interactions were performed using PyMOL and Discovery Studio Visualizer.

IN-SILICO ADME ANALYSIS AND DRUG-LIKENESS EVALUATION

The in silico ADME profiling and drug-likeness evaluation were conducted using the SwissADME
web tool, developed by the Swiss Institute of Bioinformatics, available at www.swissadme.ch (35).
Compounds with top-ranking binding energy scores were selected for this phase of the analysis. Basic
physicochemical properties such as molecular weight (MW), molecular refractivity (MR), atom counts, and
polar surface area (PSA) were calculated using OpenBabel, version 2.3.0 (36). Drug-likeness assessment was
carried out using the rules of five (RO5) developed by Lipinski (2001), (37), Ghose (1999) (38), Veber (2002)
(39), Egan (2000) (40), and Muegge (2001) (41). Abbot Bioavailability scores were calculated to estimate the
likelihood of a compound achieving at least 10% oral bioavailability, based on total charge, TPSA, and
Lipinski rule violations. Lipophilicity was evaluated using models such as iLOGP, XLOGP3, WLOGP,
MLOGP, and SILICOS-IT, and a consensus log Po/w value was derived (35). Solubility (log S) predictions
for the selected compounds were performed using three distinct models: ESOL, Ali (42, 43) and SILICOS-IT
(35).

RESULTS
CAFFEINE ANALOGS AS MAO-B INHIBITORS

Caffeine and its derivatives are known MAO inhibitors, with compounds such as (E)-8-(3-
chlorostyryl) caffeine and 8-(3-bromobenzyloxy) caffeine showing notable MAO-B inhibition (44). The
chemical structures of reported MAO-B inhibitors are shown in Fig. 1. As a heterocyclic molecule, caffeine
exhibits enhanced MAO-B inhibitory potential when substituted with phenyl alkyl groups at the C8
position. This study evaluated a series of C8-substituted caffeine analogues for their MAO-B inhibitory

properties, with the binding affinities of all ligands summarized in Table IL
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Table Il. The binding energies of titted compounds

S.no. Name of the compound Binding H bonds Hydrophobic interactions
affinities
kcal/mol
1. 8-(2-Phenylethyl) caffeine (4a) -9.9 Tyr 435 Leul71, Cys172,1e199,Ile
316, Tyr 398
2. 8-(3- Phenylpropyl) caffeine (4b) -9.9 Tyr 435 Leul71, Cys172,1e199, Ile
316, Tyr 398, Tyr 326
3. 8-(4- Phenylbutyl) caffeine (4c) -10.2 Tyr 435 Leu 164, Leul71, Cys172,
Ie199,Ile 316, Tyr 398
4. 8-(5- Phenylpentyl) caffeine (4d) -10.3 Tyr 435 Leu 164, Leul71, Cys172,
1le199,Ile 316, Tyr 398
5. 8-(6- Phenylhexyl) caffeine (4e) -10.5 Pro 102, Pro104, Tyr  Leu 171,1le 199, Il 316, Tyr
326 398, Phe 343
6. 8-(7- Phenylhe ptyl) caffeine (4f) -10.3 Pro 102, Pro104, Tyr = Leu 171,Ile 199, Ik 316, Tyr
326 398, Phe 343
7. 8-(3-Oxo-3-phenylpropyl) caffeine (4h)  -10.1 Ser 59, Lys 296, Tyr Gly 57, Gly 58, Leu 171, Cys
398, Tyr435 172, 1le 198, Trp 388, Cys 397
8. 8-(4-Oxo-4-phenylbutyl) caffeine (4i) -10.3 Tyr 326, Tyr435 Leu 164, Leul71, Cys172,

1199, Ile 316, Tyr 398

il =

AN
H H\// \J
N

F

Safinamide Rasagiline Selegiline

A />_§\Q 9ta
’ T ¥ ‘T H

(E)-8-(3-Chlorostyryl)caffeine (E,E)-8-(4-Phenylbutadien-1-
ylcaffeine

8-(3 bromobenzyloxy)
caffeine

Fig. 1. Structure of reported inhibitors of MAO-B
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DOCKING ANALYSIS

This study builds on a 2013 report (45) describing the synthesis and evaluation of a homologous
series of C8-substituted caffeine derivatives, 4a—f and 4h, and 4i, bearing -(CH,) 0-C¢Hs (n = 2-7) moieties
and carbonyl-containing groups respectively. These compounds were investigated as human MAO-A and
MAO-B inhibitors, revealing that variations in C8 chain length significantly influence MAO-B inhibitory
potency and selectivity.

The docking analysis of 8-(2-phenylethyl) caffeine (4a) revealed key interactions with residues
Leul71, Cys172, 1le199, 1le316, Tyr398, and Tyr435 of MAO-B. The ligand forms strong hydrogen and
carbon-hydrogen bonds with the side chain of Tyr435, while two m—o interactions are observed with Ile199
and Tyr398. Additionally, a m—7t stacking interaction with Tyr398 and a m-alkyl interaction with Ile316 and
Leul71 contribute to binding stability. Interaction with Cys172 further supports its affinity within the active
site. These specific residue interactions highlight the ligand’s selective binding to MAO-B. The 2D and 3D
interaction models are shown in Fig. 2a.

The docking analysis of 8-(3-phenylpropyl) caffeine (4b) showed interaction patterns similar to
those of 4a. A key hydrogen bond was formed between the side chain of Tyr435 and the ligand,
accompanied by an additional carbon-hydrogen bond at the same site. The benzene ring of Tyr398
established both m-o and m-m stacking interactions with the pyrimidine ring of 4b, while four m-alkyl
interactions involved Leul71, le199, le316, and Tyr326. Additionally, Leul71 and Ile199 formed alkyl
bonds at positions overlapping with their t—alkyl interactions, and Cys172 engaged in a m—sulfur bond with
the imidazole ring of 4b. These interactions suggest that 4b binds selectively to MAO-B but with slightly
weaker affinity than 4a, likely due to longer bond distances between the ligand and amino acid residues.
The 2D and 3D interaction models are shown in Fig. 2b.

Ligands 8-(4-phenylbutyl) caffeine (4c) and 8-(5-phenylpentyl) caffeine (4d) displayed interaction
patterns similar to 4b, differing mainly in bond lengths, which were shorter for 4d. Both formed hydrogen
bonds with Tyr435 via the C6 oxygen atom and carbon-hydrogen bonds through the imidazole ring. Tyr398
participated in m—m stacking and m—o interactions with the pyrimidine ring, positioning the caffeine core
within the substrate cavity. Comparable m—alkyl interactions were observed with Leu171, [le199, lle316, and
Tyr326, along with an additional t—alkyl interaction between the phenyl rings of 4c and 4d and Leul64. The
molecular interactions are illustrated in Figs.2c & d.

Earlier studies have shown that hydrophobic interactions mediated by phenyl rings are key to
MAO-B binding and are generally more favorable than hydrogen or halogen bonds (46). Among the studied
compounds, 4d demonstrated greater stability than 4a—4c, attributed to its strong hydrophilic interaction
with Cys172 and enhanced hydrophobic contact via its phenyl ring, contributing to higher binding stability
within the active site. Similarly, 8-(6-phenylhexyl) caffeine (4e) and 8-(7-phenylheptyl) caffeine (4f) exhibited
comparable binding modes but with distinctive interaction patterns. In both, the phenyl ring and alkyl chain
interact with residues in the substrate cavity, while the caffeine moiety extends toward the entrance cavity.
These ligands form multiple van der Waals interactions with hydrophobic residues, along with carbon-
hydrogen bonds involving Pro102, Pro104, and Tyr326. Their phenyl rings engage in m—m stacking with
Tyr398, and additional m-alkyl interactions with Ile199, 1le316, Phe343, and Leul71 further stabilize the

complex. The molecular interactions are illustrated in Figs. 2e & f.

Table III. Comparison of binding affinities (kcal/mol) of caffeine derivatives with standard reversible inhibitor

safinamide
Compound Binding affinity (kcal/mol) Type of inhibition
4a -9.9 Moderate
4b -9.9 Moderate
4c -10.0 Moderate
4d -10.3 Strong
4e -10.5 Strong
4f -10.3 Strong
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4h -10.1 Moderate
4 -10.2 Moderate
Safinamide -9.8 Reversible
(standard)
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Fig. 2. Interaction models of C8substituted caffeine analogues within the MAO-B binding site; (a). Compound
4a; (b). Compound 4b (interacting residues; (c). compound 4c; (d) compound 4d; (e). Compound 4e; (f). compound 4f.
Conventional hydrogenbonds are shown as yellow dotted lines

These two ligands exhibit enhanced binding interactions due to their extended alkyl chains, which
reach into the entrance cavity and establish additional van der Waals contacts with the protein. Previous
studies have reported that C8-substituted caffeine derivatives preferentially bind within the hydrophobic
region of MAO-B (47). Their selectivity for MAO-B over MAO-A arises from the structural restriction in
MAO-A, where the non-rotatable residue Phe208 separates the substrate and entrance cavities, preventing
larger inhibitors from fitting effectively (48).

The carbonyl-containing ligands 8-(3-oxo-3-phenylpropyl) caffeine (4h) and 8-(4-oxo-4-phenylbutyl)
caffeine (4i) share structural similarity and were previously reported as weak MAO-B inhibitors with low

ICso values (45). Docking simulations, however, revealed distinct interaction profiles contributing to their

CHoN
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inhibitory potential. Among them, 4h exhibited moderate binding affinity toward MAO-B, forming
hydrogen bonds with Ser59, Lys296, and Tyr435 via its carbonyl group. It also engaged in m—mt stacking
interactions with Tyr398 and Tyr435, a m—sulfur bond with Cys172 and Cys397, and m-alkyl interactions
with Leul71 and Lys298. Additionally, 4h established a m—m T-shaped interaction with Trp388 and an
amide-mt stacking interaction with Gly57. Collectively, these interactions within the substrate cavity
highlight the ligand’s moderate yet specific binding behavior, as illustrated in Fig. 3a.

In contrast, 4i exhibited distinct outcomes from the reported inhibition study (45), revealing a favorable
binding affinity towards the MAO-B enzyme. Its interactions closely resembled those observed in analogs
4a, 4b, 4c, and 4d. Notably, 4i established two conventional hydrogen bonds: one with Tyr326 involving the
carbonyl carbon of its oxo group, and another with Tyr435. Interactions with other amino acids, including
Leul64, Leul71, l1e199, 1le316, and Tyr398, closely resembled those of the 4d analog, although the bond
lengths exhibited variations (Fig. 3b). Interaction of the top-scored docking poses of phenyl alkyl derivatives
with MAO-B is depicted in Fig. 3c.
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Fig. 3 (a). Intermolecular interactions between MAO-B and compound 4h; (b). Interacting residues of compound 4b; (c).
Superimposed top-scored docking poses of derivatives 4d (light green), 4e (half white), 4f (light blue), and 4i (violet). Yellow
dotted lines represent conventional hy drogen bonds; (d). Interaction of safinamide with MAO-B; (e). Comparison of safinamide
with compound 4f (light blue) and compound 4e (half white) in the MAO-B binding site
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To validate the docking protocol and assess the relative binding performance of the phenyl alkyl
caffeine derivatives, a comparative analysis was performed with the known MAO-B ligand safinamide. The
standard reversible MAO-B inhibitor safinamide was docked against the MAO-B enzyme using the same
parameters (AutoDock Vina via PyRx, grid box =40 x 50 x 40 A; exhaustiveness = 8). The docking results
showed that safinamide exhibited a binding affinity of —9.8 kcal/mol, consistent with its reported reversible
inhibition behavior. A comparative summary of binding energies for all C8-substituted caffeine derivatives
with safinamide is presented in Table III. The longer-chain derivatives 4d, 4e, and 4f demonstrated stronger
binding affinities (-10.3 to —10.5 kcal/mol) than safinamide, suggesting their potential as effective reversible
MAO-B inhibitors. This provides further insights into the binding characteristics and similarities among
these compounds. Our docking analysis revealed that safinamide interacts with key amino acid residues
within the active site, including Leu 171, Cys 172, lle 199, Tyr 326, and Tyr 398. This interaction pattern
closely resembles that observed with our caffeine derivatives 4d and 4e, suggesting a consistent binding
mode among these inhibitors. Fig. 3d depicts the interaction of safinamide with MAO-Band, Fig. 3e provides
a comparison of safinamide with 4f and 4e in the MAO-B docking site. These analyses validate the docking
approach and highlight the versatility of phenyl alkyl caffeine derivatives in achieving similar interactions
with the MAO-B active site, thereby supporting their potential as effective MAO-B inhibitors.

MOLECULAR DOCKING SIMULATIONS FOR PHARMACOKINETICS, DRUG-
LIKENESS, AND MEDICINAL CHEMISTRY PROPERTIES

For a compound to qualify as a viable drug candidate, it must demonstrate not only the desired
biological activity but also favorable pharmacokinetic and safety profiles (49). Accordingly, selected
compounds identified from the docking simulations were evaluated for their pharmacokinetic, drug-
likeness, and medicinal chemistry properties using the SwissADME in silico tool. Lipophilicity, a key
determinant of a compound’s ADMET (absorption, distribution, metabolism, excretion, and toxicity)
characteristics, reflects its ability to dissolve in lipid membranes and thus influences membrane permeability
and bioavailability (50). Based on widely accepted drug-likeness criteria, such as Lipinski’s rule of five, the
optimal range of lipophilicity (log P) lies between 0 and 5, ensuring adequate solubility and permeability for
oral drugs (37, 51).

The key physicochemical properties of the lead compounds identified through docking studies are

summarized in Tables IV-VI. All compounds exhibited molecular weights below 500 g/mol (298.34-368.47
g/mol), consistent with favorable drug-like size and complexity. The fraction of sp® carbons increased from

Table IV. The fundamental physicochemical properties and computational descriptors of analysed compounds

Compounds 4a 4b 4c 4d 4e 4f 4h 4i
Log Po/w (iLOGP) 2.88 3.14 341 3.59 3.85 4.15 2.85 3.09
Log Po/w (XLOGP3) 1.82 2.18 2.72 3.26 3.80 4.34 1.18 1.54
Log Po/w (WLOGP) 0.76 1.15 1.54 1.93 2.32 2.71 0.79 1.18
Log Po/w (MLOGP) 222 2.47 2.70 294 3.16 3.39 1.60 1.83
Log Po/w (Silicos-IT) 1.78 2.15 2.54 2.93 3.33 3.72 1.70 2.09
Consensus Log Po/w 1.89 222 2.58 2.93 3.29 3.66 1.62 1.95

0.31 (4a) to 0.48 (4f), indicating greater molecular saturation and flexibility that may enhance biological
interactions. The number of rotatable bonds rose from 3 (4a) to 8 (4f), reflecting increased conformational
freedom in longer-chain derivatives. Topological polar surface area (TPSA) values were generally consistent,
except for 4h and 4i, which showed higher TPSA, suggesting differences in solubility and permeability.
Consensus log P values ranged from 1.62 (4h) to 3.66 (4f), with 4f being the most lipophilic, favoring
membrane penetration but potentially reducing solubility. Accordingly, 4a and 4h were classified as soluble,
while 4b—4e displayed moderate solubility, and 4f showed low solubility, which may affect its
bioavailability. The ESOL log S values ranged from 2.81 (4h) to 4.74 (4f), consistent with these solubility
trends.
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Table V. Lipophilicity assessment of analyzed compounds

Compounds 4a 4b 4c 4d de 4f 4h 4i
ESOLlog S -3.14 -3.37 -3.71 -4.05 -4.40 -4.74 -2.81 -3.03
ESOL solubility 2.15e-01 1.34e-01 6.37e-02 3.02e-02 1.42e-02 6.68e-03 5.11e-01 3.14e-01
mg/ml; mol/l 7.20e-04 4.28e-04 1.95e-04 8.86e-05 4.01e-05 1.81e-05 1.57e-03 9.24e-04
1 1 1
ESOL chass Solube  Soluble Solube ~ Moderatel - Moderatel - Moderatel ¢ 11 g jpie
y soluble y soluble y soluble
Alilog S 2.74 -3.11 -3.67 -4.23 -4.79 -5.35 -2.43 -2.81
Ali solubility 5.45e-01 2.42e-01 6.95e-02 1.99e-02 5.71e-03 1.63e-03 1.21e+00  5.32e-01
mg/ml; mol/l 1.83e-03 7.73e-04 2.13e-04 5.86e-05 1.61e-05 4.44e-06 3.70e-03 1.56e-03
Ali class Soluble Soluble Soluble Moderatel  Moderatel  Moderatel Soluble Soluble
y soluble y soluble y soluble
SilicosIT log S -3.98 -4.38 -4.78 -5.17 -5.57 -5.96 -3.92 -4.31
Silicos-ITsolubility ~ 3.10e-02 1.30e-02 5.44e-03 2.28e-03 9.54e-04 4.00e-04 3.95e-02  1.66e-02
mg/ml; mol/l 1.04e-04 4.16e-05 1.67e-05 6.70e-06 2.69e-06 1.09¢-06 1.21e-04  4.86e-05
Moderat
SilicosIT class Soluble Moderatel Moderatel Moderatel Moderatel Moderatel Soluble ely
y soluble y soluble y soluble y soluble y soluble soluble
Table VI. Predicted water solubility of analyzed compounds
Compounds 4a 4b 4c 4d 4e 4f 4h 4i
Formula CisHus Ci7Hzo CisHe2 CioHos Ca0Hzs Ca1Hes Ci7His CisHo
N:O2 N:O2 N:O2 N:O2 N:O2 N:O2 N:Os N:Os
MW 298.34 312.37 326.39 340.42 354.45 368.47 326.35 340.38
(g/mol)
No. heavy atoms 22 23 24 25 26 27 24 25
No. aromatic 15 15 15 15 15 15 15 15
heavy atoms
Fraction Csp3 0.31 0.35 0.39 0.42 0.45 0.48 0.29 0.33
No rotatable bonds 3 4 5 6 7 8 4 5
No H-bond 3 3 3 3 3 3 4 4
acceptors
No. H-bond 0 0 0 0 0 0 0 0
donors
Molar Refractivity ~ 86.30 91.11 95.91 100.72 105.53 110.33 91.53 96.33
TPSA 61.82 A2  61.82A> 61.82A2 61.82A2 61.82A2 61.82A> 7889A2 7889 A2

The pharmacokinetic analysis (Table VII) revealed that all compounds exhibited high
gastrointestinal (GI) absorption, with 4b—4f showing effective BBB permeability, whereas 4a, 4h, and 4i did
not. The absence of P-glycoprotein (P-gp) substrate properties indicates potential for improved therapeutic
efficacy. However, inhibition of certain CYP enzymes suggests a possible risk of drug—drug interactions.

As shown in Table VIII, all compounds fulfilled drug-likeness criteria based on Lipinski’s and related rules,
demonstrating favorable oral bioavailability with a consistent drug-likeness score of 0.55. Compounds 4e
and 4f, however, were not classified as lead-like due to higher molecular weights and lipophilicity,

indicating that structural optimization may be required to improve their lead characteristics.

DISCUSSION

Caffeine is a widely consumed central nervous system stimulant, has been extensively studied for
its potential as an MAO inhibitor. In this investigation, we aimed to elucidate the interaction and inhibitory
effects of phenyl alkyl caffeine derivatives against MAO-B. Our results offer insights into the binding
modes and interactions of phenyl alkyl C8 substituents of caffeine with the MAO-B enzyme at a molecular
level. In this study, a series of phenyl alkyl caffeine analogs, namely 4a to 4i (excluding 4g due to its weak

inhibitory effect), were subjected to docking analysis with the MAO-B protein.
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Table VII. Predicted phamacokinetic (ADME) profiles of analyzed compounds

Compounds 4a 4b 4c 4d de 4f 4h 4i
GI absorption High High High High High High High High
BBB permeant No Yes Yes Yes Yes Yes No No
P-gp substrate No No No No No No No No

CYP1A2 inhibitor Yes Yes No No No No No No
CYP2C19 inhibitor Yes Yes Yes Yes Yes Yes No Yes
CYP2C9 inhibitor Yes Yes Yes Yes Yes Yes No Yes
CYP2D6 inhibitor No No No No No No No No
CYP3A4 inhibitor No No No No Yes Yes No No
Log Kp [cm/s] -6.83 -6.66 -6.36 -6.06 -5.76 -5.47 -7.45 -7.28

Table VIII. Predicted drug-likeness, medicinal chemistry, and lead-ikeness attributes of analyzed compounds

Compounds 4a 4b 4c 4d 4e 4f 4h 4i

Yes;0 Yes; 0 Yes; 0 Yes;0 Yes;0 Yes; 0 Yes; 0 Yes; 0

Lipinski L L L L L L L L

violation violation violation violation violation violation violation violation

Ghose Yes Yes Yes Yes Yes Yes Yes Yes

Veber Yes Yes Yes Yes Yes Yes Yes Yes

Egan Yes Yes Yes Yes Yes Yes Yes Yes

Muegge Yes Yes Yes Yes Yes Yes Yes Yes

Bioavailability
0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
score
PAINS 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert
Brenk 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert
No; 3
No; 2 . .
) ) violations:
violations:
Leadlikeness Yes Yes Yes Yes MW>350, Yes Yes
MW >350,
Rotors>7,
XLOGP3>3.5
XLOGP3>3.5
Synthetic
o 2.72 2.80 2.89 3.01 3.12 3.23 2.75 2.83
accessibility

The findings of this study are consistent with previous reports on caffeine analogues and MAO-B
inhibitors. Earlier studies have demonstrated that C8-substituted caffeine derivatives, particularly those
incorporating extended hydrophobic or aromatic side chains, exhibit enhanced inhibitory potency and
selectivity toward MAO-B by effectively occupying both the substrate and entrance cavities of the enzyme’s
active site (52, 53). In agreement with these observations, the present work revealed that derivatives 4d, 4e,
and 4f, containing longer phenyl alkyl chains, showed robust binding affinities with —10.3 to —-10.5 kcal/mol
energy values, respectively, than shorter-chain analogues. This pattern aligns with the structure-activity
relationships reported by Petzer and colleagues, who found that increasing alkyl chain length enhances
MAO-B selectivity and reversibility (52). Moreover, the docking performance of these derivatives was
comparable or superior to that of safinamide, which demonstrated a binding affinity of —9.8 kcal/mol, a
clinically established reversible MAO-B inhibitor (26), further supporting their potential as selective and
reversible MAO-B inhibitors suitable for therapeutic exploration in neurodegenerative disorders. It is
important to note that MAO-B's active sites consist of two distinct cavities, namely the substrate and
entrance cavities. Our analysis suggested that all the inhibitors first entered through the entrance cavity

before exerting their effects within the substrate cavity. For larger inhibitors, such as those observed in 4d,
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4e, and 4f, previous studies noticed that the amino acid Ile 199 rotated. This rotation helps these larger
molecules fit into the entrance cavity by merging two cavities (54). The molecular interaction analysis for
4d, 4e, 4f, and 4i revealed their extended binding characteristics within the hydrophobic region of the

entrance cavity.

Conversely, analogs with shorter substituents, including 8-(2-Phenylethyl) caffeine (4a), 8-(3-
Phenylpropyl) caffeine (4b), 8-(4-Phenylbutyl) caffeine (4c), and 8-(3-Oxo-3-phenylpropyl) caffeine (4h),
displayed moderate interactions with the amino acids in the substrate cavity of MAO-B. The shorter phenyl
alkyl C8 substituents, including 4a, 4b, 4c, and 4h, engaged with amino acid residues within the substrate
cavity. Due to their relatively shorter alkyl chain length, these analogs exhibited moderate binding energies.
8-(5-Phenylpentyl) caffeine (4d) emerged as the most selective inhibitor, as reported by Petzera et al (45).
Molecular interaction analysis highlighted its selective binding within active site amino residues,
characterized by moderate bond lengths and more pronounced hydrophobic interaction with its phenyl
ring.

Both 8-(6-Phenylhexyl) caffeine (4e) and 8-(7-Phenylheptyl) caffeine (4f) demonstrated compelling
binding affinities, with 4e exhibiting the best affinity among all inhibitors. These two inhibitors shared
similar binding interactions; their caffeine moieties were positioned within the entrance cavity. However, a
key difference between them was in their IC50 values, where 4f displayed reversibility as mentioned
earlier. 4e displayed a greater level of selectivity in comparison to 4f (45). 8-(4-Oxo-4-phenylbutyl) caffeine
(4i), showcased favorable binding energy due to strong molecular interactions, involving two strong
conventional hydrogen bonds. Despite its strong interactions, 4i might not be as efficacious, as it displayed
lower IC50 and Selectivity Index values (45).

In contrast, we observed weaker binding energies for 4a (-9.9 kcal/mol), 4b (-9.9 kcal/mol), and 4h (-
10.1 kcal/mol). Remarkably, 4h, despite establishing three conventional hydrogen bonds, exhibited weak
molecular interactions that involved unnecessary amino acid residues rather than direct interactions with
active site amino acids. Analogs 4a, 4b, and 4c exhibited moderate binding within the active site, typically
involving a single conventional hydrogen bond.

The analyzed MAO-B inhibitors exhibit promising physicochemical and pharmacokinetic
properties, making them suitable candidates for further development in the treatment of Parkinson's
disease. For central nervous system (CNS) drugs, ensuring both BBB permeability and GI absorption is
essential for therapeutic success. As tightly regulated between the bloodstream and the brain, the blood-
brain barrier limits the entry of most compounds and drugs (55). Physicochemical properties, such as
lipophilicity, molecular size, the number of hydrogen bonds, and active transport/efflux systems, influence
passage at the BBB. Lacking adequate properties, systemic administration may result in insufficient brain
exposure and treatment failure (56). Ultimately, brain exposure depends on good GI absorption or effective
uptake into the systemic circulation. This drug's bioavailability depends on drug dissolution, stability in the
GI tract, permeability across the intestinal epithelium, first-pass metabolism, GI transit time, and other
physiological factors after oral administration. Maximizing Gl absorption is crucial to crossing the BBB and
reaching the brain target for CNS therapeutics (57). The consistency in high GI absorption across all
compounds suggests that they can be effectively delivered orally. The ability of certain compounds to
penetrate the BBB is critical for targeting the central nervous system, which is essential for treating
neurodegenerative disorders. The variation in lipophilicity among the compounds points to optimizing
these properties to enhance solubility and permeability, particularly for those with lower consensus log P
values. The solubility data indicate a potential limitation for some compounds that could affect their
bioavailability and therapeutic efficacy. The lack of alerts in PAINS and Brenk screening suggests that these
compounds do not exhibit structural motifs associated with undesirable side effects, indicating their
potential for safer therapeutic profiles. However, the CYP inhibition profiles should be carefully considered
in drug development, as interactions with other medications may affect the therapeutic outcome.

Although in vitro MAO-B inhibition assays with ICso determination have been performed for the

selected caffeine derivatives (45), additional studies are required to further validate and extend these
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findings. Enzyme kinetics studies should be performed to elucidate their mechanism and the reversibility
of inhibition. Furthermore, cell-based assays can assess neuroprotective potential, cytotoxicity, and
selectivity over MAO-A, while in vivo models of Parkinson’s disease could provide critical insights into
their pharmacodynamic efficacy, BBB permeability, and safety profiles. Collectively, these studies would
offer a robust experimental foundation supporting the therapeutic potential of the identified MAO-B
inhibitors.

CONCLUSION
The research highlights the significant MAO-B inhibitory potential of longer phenyl alkyl caffeine

derivatives, which uniquely interact with the MAO-B active site through the rotation of amino acid I1e199.
Shorter substituents show moderate substrate cavity interactions, whereas 8-(5-Phenylpentyl) caffeine (4d)
emerges as a selective inhibitor. Both 8-(6-Phenylhexyl) caffeine (4e) and 8-(7-Phenylheptyl) caffeine (4f)
exhibit strong binding affinity, with 4e demonstrating high selectivity and 4f showing reversible inhibition.
Importantly, these compounds preferentially inhibit MAO-B over MAO-A. Although 8-(4-Oxo-
4phenylbutyl) caffeine (4i) shows robust interactions, it may have some limitations requiring further study.
These findings advance the understanding of caffeine derivatives as promising MAO-B inhibitors with
therapeutic potential for neurological disorders. ADME analysis reveals that compounds 4b, 4c, 4d, 4e, and
4f possess favorable pharmacokinetic properties, including good blood-brain barrier permeability and high
gastrointestinal absorption, making them strong candidates for neurodegenerative disease treatment. In
contrast, compounds 4a, 4h, and 4i may need optimization to improve CNS penetration. Among all,
compound 4f stands out as the most promising ligand based on its overall ADME profile and inhibitory
characteristics. Hence, this study provides valuable structural insights and pharmacokinetic data supporting
the development of phenyl alkyl caffeine derivatives as selective, potent, and drug-like MAO-B inhibitors

for potential use in managing neurodegenerative conditions.
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