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ARTICLE INFO ABSTRACT

Keywords: Due to their unique pharmacological characteristics, methylxanthines are known as therapeutic agents in a
Memy]’fa{‘thines fascinating range of medicinal scopes. In this report, we aimed to examine some biological effects of previously
Cytotoxicity synthesized 8-alkylmercaptocaffeine derivatives. Cytotoxic and antioxidative activity of 8-alkylmercaptocaffeine
?g;[‘;mdam derivatives were measured in malignant A549, MCF7, and C152 cell lines. Assessment of cGMP levels and

caspase-3 activity were carried out using a colorimetric competitive ELISA kit. Computational approaches were
employed to discover the inhibitory mechanism of synthesized compounds. Among the twelve synthesized de-
rivatives, three compounds (C1, C5, and C7) bearing propyl, heptyl, and 3-methyl-butyl moieties showed higher
and more desirable cytotoxic activity against all the studied cell lines (ICsp < 100 puM). Furthermore, C5 syn-
ergistically enhanced cisplatin-induced cytotoxicity in MCF-7 cells (CI < 1). Both C5 and C7 significantly
increased caspase-3 activity and intracellular cGMP levels at specific time intervals in all studied cell lines (P <
0.05). However, these derivatives did not elevate LDH leakage (P > 0.05) and exhibited no marked ameliorating
effects on oxidative damage (P > 0.05). Computational studies showed that H-bond formation between the ni-
trogen atom in pyrazolo[4,3-D] pyrimidine moiety with GIn817 and creating a hydrophobic cavity result in the
stability of the alkyl group in the PDE5A active site. We found that synthesized 8-alkylmercaptocaffeine de-
rivatives induced cell death in different cancer cells through the cGMP pathway. These findings will help us to get
a deeper insight into the role of methylxanthines as useful alternatives to conventional cancer therapeutics.

Molecular dynamics simulation
Molecular docking

anti-allergic, anti-psychotic, antispasmodic, osteoprotective, cardio-
tonic, anticancer, and other properties [4-6]. Yet, the site of alkylation

1. Introduction

Derived from the purine base xanthine, methylxanthines are natu-
rally found in berries, seeds, and leaves of many plants like coffee, cocoa,
and tea [1,2]. The based scaffolds of these chemicals are well-recognized
by different receptors and enzymes within cells; therefore, they were
widely studied for their many pharmacological characteristics [3].
These unique molecules include the compounds caffeine (CAF), theo-
bromine (found in chocolate), theophylline (found in tea), paraxanthine,
pentoxifylline, aminophylline, 3-isobutyl-1-methylxanthine, and so on
[1]. Lately, methylxanthine derivatives were widely examined for their
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mainly determines the biological effects of these compounds [4].

The cGMP signaling pathways are of broad biochemical and patho-
logical significance. In this regard, the modulation of the intracellular
cyclic nucleotides, including cAMP and cGMP, is considered a promising
approach for cancer treatment [7]. As a second messenger, cGMP is
inactivated by phosphodiesterase (PDE) enzymes. Accordingly,
increased cGMP levels activate cGMP-dependent protein kinase (PKG), a
protein kinase with decreased expression in cancer cells compared with
normal cells [8]. Hence, agents that elevate cGMP levels through PDE
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inhibition have gained much attention as potential anticancer thera-
peutics [9,10]. We previously showed that increasing intracellular
c¢GMP levels might arrest growth and induce apoptotic cell death in
breast cancer cells [11]. Various aromatic and heteroaromatic com-
pounds have now been synthesized for effective inhibition of various
PDEs. The ring is essential for mimicking the purine in the cN substrate
and direct competition with cN for access to the catalytic site of the PDE
enzymes [12]. Recent evidence has revealed that methylxanthines could
effectively inhibit cyclic nucleotide (cN) PDEs [12]; thereby, being
broadly in research and for the treatment of different diseases, including
malignant cancers [13].

Recently, antioxidant effects have been proposed for methylxan-
thines. These chemicals considerably ameliorated reactive oxygen spe-
cies (ROS)-induced oxidative damages in vivo and in vitro [14,15],
mostly attributed to a scavenging activity towards hydroxyl radicals.
Santos and colleagues showed that methylxanthine derivatives have
higher antioxidant capacity than natural xanthines usually found in the
human diet [16]. Moreover, it has been reported that chronic treatment
with PDE inhibitors reduces oxidative stress and enhanced mitochon-
drial integrity [17,18].

Classic chemotherapeutic agents such as platinum-based drugs have
shown limited success in cancer therapies due to their severe side effects
[7]. To overcome this therapeutic obstacle, recent investigations were
focused on targeted inhibition of signaling pathways using the platinum-
based drug substitutes, aimed to decrease the drug resistance caused by
these agents [19,20].

Previous studies indicated that methylxanthines induced protection
against tumor cells [21,22] and also increased the sensitivity of tumor
cells to alkylating agents [23,24]. Given all these observations, herein,
we report the biological effects of previously synthesized 8-alkylmercap-
tocaffeine derivatives in different cancer cells [4]. We hypothesized that
these compounds would exert antioxidant and cytotoxic effects while
suppressing the cGMP signal transduction pathway. Our findings can
provide a rationale for using these compounds as a beneficial alternative
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2. Material and methods
2.1. Chemicals and assay kits

Six and 96-well cell culture plates were supplied by Sorfa (Zhejiang,
China (Mainland)). Fetal bovine serum (FBS) was purchased from Bio-
chrom (Berlin, Germany). Cisplatin, propidium iodide (PI), trypan blue,
dimethylsulfoxide (DMSO), and 3-(4,5-Dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) powder were obtained from Sigma-
Aldrich, USA. Phosphate buffered saline (PBS), antibiotic/antimycotic
solution, and the trypsin-EDTA solution was procured from Innovative
Biotech Co. (INOCLON, Iran). The culture media, RPMI1640, and Dul-
becco’s Modified Eagle Medium (DMEM) were from Gibco (Rockville,
MD, USA). All the other chemicals used were of technical grade and
obtained from Merck Company.

2.2. Synthesized compounds

We previously synthesized twelve derivatives of 8-alkylmercaptocaf-
feine (Table 1) through a reaction shown in Scheme 1. For cisplatin or
each derivative of 8-alkylmercaptocaffeine being tested, 20 mM stock
solution was prepared in DMSO.

2.3. Cell culture

HUVEC (human umbilical vein endothelial cells), and MCF-7
(human breast adenocarcinoma), A549 (human lung adenocarci-
noma), and KB (human oral epidermoid carcinoma) cell lines were ob-
tained from the Pasteur Institute of Iran (Teheran, Iran) and tested
negative for mycoplasma contamination. Cells were grown in RPMI1640
(MCF-7 and KB) and DMEM (A549 and HUVEC) medium supplemented
with 10% FBS, amphotericin B (250 pg/mL), streptomycin (50 pg/mL),
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Scheme 1. The one-pot, three-component reaction of synthesis of 8-alkylmercaptocaffeines [4].

penicillin (50 U/mL) in a humidified atmosphere under the standard cell
culture conditions (37 °C and 5% CQO5). Cells were detached from culture
flasks using trypsin-EDTA (0.25%) and seeded in either 96-well or 6-well
plates for the following experiments.

2.4. Cytotoxicity evaluation

The half-maximal inhibitory concentration (ICsg) of the previously
synthesized 8-alkylmercaptocaffeine derivatives was examined using a
tetrazolium-based colorimetric MTT assay [25]. 100 pL of the cell sus-
pensions (5000 cells/well) were seeded and given 24 h to attach to the
culture flask. Afterward, the culture medium was carefully discarded
and replaced with a fresh medium containing increasing concentrations
of the compounds (25-200 pM) or cisplatin (1-16 pM) and incubated for
72 h. Then, 20 uL of MTT (5 mg/ml) was placed into each microwell.
After 4 h incubation at 37 °C, the medium was removed and replaced
with 200 pL of DMSO. Plates were gently shaken for 25 min, and the
absorbance was read at 570 nm using an ELISA reader (Spectra Max
Gemini ®, Molecular Devices). The ICsq values were calculated via the
CurveExpert program version 1. 4 for Windows.

2.5. Analysis of combined drug effects

Analysis of multiple drug effects was done using Chou and Talalay
methods according to a median-effect principle [26]. For this purpose,
cells were simultaneously treated with 8-alkylmercaptocaffeine de-
rivatives (C1, C5, and C7) and cisplatin, with fixed combination ratios.
Increasing concentrations, each diluted 1:2, within the appropriate
ranges were used. For each level of fraction affected (Fa), the combi-
nation index (CI) for indicating drugs interactions was calculated using
CompuSyn software (Version 1.0, Combo-Syn Inc., US) where CI < 1, CI
= 1, and CI > 1 indicates synergism, additivity, and antagonism,
respectively [27].

2.6. Lactate dehydrogenase leakage assay

As a marker of cell membrane integrity, LDH leakage was measured
in the medium of cultured cells using a colorimetric lactate dehydro-
genase (LDH) cytotoxicity assay kit (Cayman Chemical Company, Ann
Arbor, ML, USA) according to the manufacturer’s protocol. Cells (300 x
10°/well) were seeded in a 6-well microplate and incubated overnight.
After treatment for 72 h, 100 L of culture supernatant was added to a
96-well microplate for analysis. LDH leakage (% of total) is measured
following the formula:

(ODre.u -

OD.xpnnmnezms relea.se)/(ODtnuximum release — ODrelm.xe) X 100;

ODxe is the absorbance of cells treated with 8-alkylmercaptocaffeine
derivatives (C1, C5, and C7 equal to their ICs5o values), ODspontaneous
release 1S the absorbance of microwells containing assay buffer, and
ODpmaximum release fepresents the absorbance of microwells containing
cells. Absorption was read at 540 nm against 592 nm as a background

using an ELISA reader (Spectra Max Gemini ®, Molecular Devices).

2.7. Caspase-3 activity assay

To assess the cell activity of caspase-3, a marker of apoptosis, cells
were seeded in 6-well plates above concentrations and treated with 8-
alkylmercaptocaffeine derivatives (C1, C5, and C7 equal to their ICsg
values) for 24 h. Using a colorimetric commercial kit (R&D systems Co.,
Grodig, Germany) according to the manufacturer’s instruction, the ac-
tivity of caspase-3 was measured in cells supernatant.

2.8. Measurement of cGMP levels

The intracellular cGMP levels were quantitatively measured using a
c¢GMP direct immunoassay kit (R&D Systems, Minneapolis, MN, USA),
as previously described [28]. Briefly, cells were seeded in 6-well plates.
After reaching confluency, cells were treated with 8-alkylmercaptocaf-
feine derivatives (C1, C5, and C7 equal to their ICso values) and incu-
bated at room temperature at short (6 h) and long (24 h) time intervals.
Then, cells were lysed, and the cell suspension was added into a 96-well
plate coated with a goat anti-rabbit antibody. The plate was washed
three times in PBS, and the substrate solution was added. Following a 30
min incubation at 37 °C, the stop solution was added. The absorbance
was read at 450 nm using an ELISA reader (Spectra Max Gemini ®,
Molecular Devices).

2.9. DPPH radical-scavenging assay

Antioxidant activity was measured using a DPPH kit (Zantox, Iran)
according to the manufacturer’s protocol. DPPH solution (200 pM in
methanol) was incubated in a dark place with increasing test concen-
trations (25, 50, 100, and 200 pg/mL) of 8-alkylmercaptocaffeine de-
rivatives (compounds C1, C5, and C7) and CAF at 37 °C for 30 min. Next,
the absorbance was read at 518 nm using an ELISA reader (Spectra Max
Gemini ®, Molecular Devices). At this time, the remaining DPPH is
inversely proportional to the radical-scavenging activity of the com-
pounds [29].

2.10. Measurement of malondialdehyde levels

Cells (1 x 10° cell/mL) were seeded in a 6-well plate and exposed to
8-alkylmercaptocaffeine derivatives (C1, C5, and C7 equal to their ICsg
values) for 24 h. Malondialdehyde (MDA) level as a marker of lipid
peroxidation was measured in cell pellets using the thiobarbituric acid
reactive substance (TBARS) assay [30], according to the company’s in-
struction (Teb Pazhouhan Razi, Tehran, IRAN). The absorption of the
samples was read at 532 nm via a SpectraMax Gemini microtiter plate
reader (Molecular Devices, Sunnyvale, CA). The protein concentration
was assessed via the Bradford method [31], using a total protein assay
kit (Teb Pazhouhan Razi, Tehran, IRAN) according to the manufac-
turer’s protocol bovine serum albumin utilized as a standard. MDA
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concentrations were expressed as nmol/mg of protein.
2.11. Molecular docking study

Since LeDock is a fast, simple, and accurate software for docking of
small molecules in the computational study, thus, at first it was
employed to start the Protein-ligand docking process (http://lephar.
com), and also the HyperChem software was used for drawing the
structure of all molecules (HyperChem(TM) Professional 7.51, Hyper-
cube, Inc., 1115 NW 4th Street, Gainesville, Florida 32601, USA). The
optimized ORCA software was applied to identify the geometry and
energy of compounds at DFT, B3LYP/cc-pvdz level of theory [32]. The
docking process was performed using chain A of the PDB structures of
1TBF [33], 6A3N [34] for PDE5 and PDE9, respectively. The homology
model of PDE6 was constructed employing the chain A of PDB code
7JSN [35] as a template. The LePro module was examined to eliminate
the crystallographic water molecules and cognate ligands from the
molecule structure (http://lephar.com). Since it is a critical point to
preserve the active site of the enzyme; thus, the docking parameters
were arranged based on the center box of docking on the NE2 atom of
GIn817 after superposition of all three structures on chain A of PDES.
The grid box was set to 10 x 10 x 10 with a spacing value of 1.0 A, and
the number of binding poses was set to 200. Finally, an optimized
conformation of the molecule having the least binding energy and great
interacting residues was chosen.

2.11.1. Molecular dynamics simulations

Here, to examine the interactions of ligands with the active sites of
PDES5, 6, and PDE9 and to observe the inhibitory performance of the
ligands, compounds of the best docking pose were selected. After that,
the molecular dynamic simulation technique was exploited to simulate
the chosen compounds bound to each PDE for a period of 150 ns in
explicit water (1.8 ps in aggregate). In this analysis, we consider a
metalloprotein receptor whose mechanism is entirely zinc ion-
dependent. The non-bonding model contains only the terms VDW and
electrostatic between metal ions and ligands.[36] In this study, the CAF
molecule was chosen as the control. Next, AmberTools package was
employed as full Amber topology/coordinate files for all ligands [37].
Also, the VDW and bonded parameters of the different ligands were
measured using the antechamber program of AmberTools by using the
general amber force field (GAFF) [38]. At the same time, the protein was
modeled by the AMBERff14SB force field [39]. To obtain the partial
atomic charges, the RESP charge model was considered [40]. The TIP3P
water model was introduced to solvate the compounds and ions added to
the box to attain a neutral system. It should be said that the periodic
boundary condition (PBC) was applied in three dimensions. All MD
simulations were performed by a parallel version of SANDER in
AmberTools 19 software package. It is worth noting that, before the MD
simulation of protein-ligand complexes, the steepest descent algorithm
was applied to minimize their energy. Additionally, a leap-frog algo-
rithm was considered to integrate their motion [41]. In this process, to
observe the effect of long-range electrostatic interactions of molecules,
the Particle mesh Ewald (PME) method, similar to the previous research,
was applied [42]. Also, to simulate H-bonds’ limitations in this process,
the LINKS algorithm was studied in both equilibration and production
run [43]. The cutoff for nonbonded interactions was set to 12.0 nm.
After the optimization of the system’s energy, it was simulated for 20 ps
in the canonical ensemble (NVT) and with a 1 ns time-step in the NPT
ensemble. Also, two models, including Langevin dynamics [44] were
studied to couple the temperature and pressure of the system using
coupling constants of 0.1 and 0.5 ps, respectively.

2.11.2. Free energy calculations

The solvent and its interaction with biomolecules play pivotal roles
in their structure, dynamics, and functions. However, lots of efforts have
been put to develop several models to consider the solvent
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contributions, especially in the biological system. Models of implicit
solvent try for modeling the solute and solvent interactions in a mean-
field fashion, saving the computational and sampling time. The perfor-
mance of implicit models in many biological applications is significantly
excellent and reproducible, though they are less precise. Principally, for
evaluating the binding’s free energy of small ligands to biological
macromolecules, the molecular mechanics energies coupled with the
Poisson-Boltzmann Surface Area (MM/PBSA) or Generalized Born Sur-
face Area (MM/GBSA) as continuum solvation methods are known ap-
proaches. According to this research, in the Molecular Mechanics
Poisson-Boltzmann Surface Area (MMPBSA) approach, we applied the
PB-based solvent models to the protein-ligand binding interactions,
primarily through combining with explicit solvent. As in the MMPBSA
approach, it is allowed to address contributions from electrostatic and
VDW interactions and changes in solvation to binding affinities [45]).

To calculate the binding free energy (AG) of each small molecules as
an inhibitor, we emphasized on equation (1):

AGBind = Gcgm - (GR@ + GLig) =AH-TAS = AEMM+ AGSg] - TAS (1)

In this equation, Com, Rec, and Lig subscripts are related to complex,
receptor and ligand, and total binding energy presented by AGging,
introducing the differences free energy between Gcom, and the sum of
(GRrec + GLig)-

In the end-point binding free energy, including MM/GBSA and MM/
PBSA, enthalpy is calculated, and to calculate entropy, one, should use
the NMA and IE [46].

The free energy associated with equation (1) is the sum of four parts
referred to equation (2):

AG = (AEyy) + (AGpsun) + (AGpyor) — — T(AS) 2
Where AEypy in detail is:

AEyy = AEjernat + AEgec + AEvq, 3

2.11.3. Energy decomposition and clustering analysis

The residue decomposition shows agreeable and disagreeable inter-
action data that is fruitful for lead improvement. In this study, for the
residues with the most significant contributions to the inhibitor binding
throughout the MD simulation course, the Water Swap residue-wise
binding energy decompositions were assessed [47].

Clustering of MD frames is specifically helpful for molecular docking
simulations. According to some criteria, MD frames located in the same
group are similar to each other. Therefore, one could suppose that
frames within the same cluster will behave similarly if a receptor in a
cluster interacts agreeably with a specific ligand. The most traditional
and known measure of similarity is the root mean square deviation
(RMSD) values applied for partitioning MD trajectories gained by pair-
wise or matrix error distances [48].

2.12. Statistical analysis

SPSS v.23 software (SPSS Inc., Chicago, IL, USA) was used for data
analysis. Results are expressed as mean + SE. Simple t-test and analysis
of variance (ANOVA) were applied to determine the statistical signifi-
cance between groups when appropriate. All assays were performed at
least in triplicates, and P-value<0.05 was considered significant.

3. Results
3.1. Cytotoxicity evaluation and analysis of drug combinations

The growth inhibitory effects of 8-alkylmercaptocaffeine derivatives
were assessed against MCF7, KB, and A549 cancer cell lines. The culti-
vated cells were exposed to increasing concentrations of the compounds
(25, 50, 100, and 200 uM), and cisplatin was used as a reference drug. As
shown in Table 2, 8-alkylmercaptocaffeine derivatives showed a wide
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Table 2
Cytotoxic activity of 8-alkylmercaptocaffeine derivatives determined by the
MTT assay.
IC50 (uM)°
Compound
MCEF-7 KB A549
C1 49.7 + 2.23 42.5 £ 2.12 97.6 + 4.87
c2 >100 >100 >100
c3 83.73 £3.13 53.09 + 3.76 >100
c4 47.94 + 2.19 34.63 + 2.87 >100
C5 79.65 + 3.13 54.92 + 3.17 92.38 + 4.19
c6 >100 >100 >100
c7 47.66 + 1.23 39.53 + 2.09 65.8 + 3.27
cs8 >100 >100 >100
c9 >100 >100 >100
c10 44.76 + 2.09 70.7 + 3.98 >100
C11 40.92 + 0.98 82.73 + 2.69 >100
C12 >100 >100 >100
Cisplatin 6.58 + 0.09 4.47 £ 0.07 6.76 + 0.06

 Values represent mean + S.E.M.

range of cytotoxic activity in cancer cells; while having higher ICsg
values than cisplatin. Among them, compounds C1, C5, and C7 pos-
sessing propyl, heptyl, and 3-methyl-butyl moieties displayed better
cytotoxicity against all three cell lines (ICso < 100 uM) and, therefore,
selected for further assays. We then treated normal human cells with
these three compounds within the given range. The ICs( for compounds
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C1, C5, and C7 in HUVEC cells were 114.97, 127.41, and 412.15 uM,
respectively. This indicates that these derivatives exerted less inhibitory
effects on non-malignant cells (higher ICsy values). The cytotoxic ac-
tivity of other compounds (C2, C3, C4, C6, C8, C9, C10, C11, and C12)
was not desirable (ICsg > 100 uM). Still, all these compounds exerted
less toxicity than cisplatin alone.

Analysis of drug interactions revealed that the combination of
cisplatin with compound C5 exerted synergistic anti-proliferative effects
in MCF7 breast cancer cells (CI < 1 for all effective doses) (Fig. 1A).
Contrastingly, in A549 lung cancer cells, a combination of these agents
exhibited strong antagonism in different effect levels (CI > 1) (Fig. 1C).
Fig. 1D shows the combination indices at different effective doses (EDs)
for the combination of C1, C5, and C7 and cisplatin in the studied cell
lines.

3.2. LDH-based cytotoxicity assay

Cytotoxic agents can damage the cell membrane and release cyto-
solic LDH in the media. Thus, the percentage of LDH leakage is an in-
dicator of cell membrane disruption due to necrosis or late-stage
apoptosis. As depicted in Fig. 2A, the percentage of LDH leakage in
MCF7, KB, and A549 cells remained insignificant and at low levels
(<20%), in comparison with the level of the untreated cells (P < 0.05).
This shows that 8-alkylmercaptocaffeine derivatives (C1, C5, and C7)
only induced minimal necrotic damage to these cells and had negligible

A ’ 2 2
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Fig. 1. Combination index (CI) plot (Log CI) for the combination of three 8-alkylmercaptocaffeine derivatives (C1, C5, and C7) and cisplatin in MCF-7 (A), KB (B),
and A549 (C) cancer cells. Different effective doses (EDs) of the combinations in the studied cell lines (D).
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Fig. 2. The percentage of LDH leakage from untreated cancer cells and cells treated with three 8-alkylmercaptocaffeine derivatives (C1, C5, and C7) for 24 h (A).
Effects of C1, C5, and C7 on caspase-3 activity in MCF7, KB, and A549 cell lines following 24 h of exposure (B). Effect of three 8-alkylmercaptocaffeine derivatives
(C1, C5, and C7) on cGMP levels in MCF-7, KB, and A549 cells (C). **P < 0.05 compared to untreated cells.

effects on the release of intracellular LDH. 3 activity in MCF7 (treated with C1 and C7), KB (treated with C1 and
C7), and A549 (treated with C1, C5, and C7) cell lines (P < 0.05
compared with adjusted untreated cells). As shown in Fig. 2B, the role of
C5 in caspase-3 activation differs between cell lines. However, we sug-
gest that cell death induced by C1 and C7 was mediated by apoptosis
rather than necrosis.

3.3. Caspase-3 activation

As an essential executioner caspase, caspase-3 is needed for nuclear
changes associated with apoptotic cell death. Treatment with 8-alkyl-
mercaptocaffeine derivatives showed a significant increase in caspase-
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Fig. 3. Assessment of lipid peroxidation within 24 h in MCF7, KB, and A549 cells after treatment with three 8-alkylmercaptocaffeine derivatives (C1, C5, and C7).
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3.4. ¢cGMP levels

Hydrolysis of ¢cGMP is mediated by phosphodiesterases (PDEs);
hence, PDE inhibitors increase ¢cGMP levels. Effects of selected de-
rivatives of 8-alkylmercaptocaffeine on intracellular cGMP in cancer
cells were assessed. Our results demonstrated that C1, C5, and C7
significantly improved cGMP levels at 6 h in MCF7, KB, and A549 cells,
compared to those of untreated cells (P < 0.05) (Fig. 2C). However,
cGMP levels returned to baseline after 24 h. These findings suggest that
PDE inhibition, specifically by 8-alkylmercaptocaffeine derivatives
bearing heptyl and 3-methyl-butyl moieties, augmented cGMP values in
cell lines derived from breast, lung, and oral tumors.

3.5. Antioxidant properties of 8-alkylmercaptocaffeine

A 24 h treatment of MCF7, KB, and A549 cells with selected com-
pounds (C1, C5, and C7) did not lead to any significant change in the
cellular concentration of MDA, suggesting that these derivatives were
not able to attenuate lipid peroxidation and exerted no ameliorative
effects (P > 0.05) (Fig. 3A). Fig. 4 shows the concentration-dependent
antioxidant capacity of these compounds. Compared to CAF as the
reference compound, only C5 significantly scavenged the DPPH and
increased with increasing concentrations (P < 0.05).

3.6. Molecular docking and molecular dynamics analysis

A comparative study has been done to find the binding modes of
small molecules in the active site of PDE5A using varieties of docking
programs [49]. Validation of docking was performed in terms of
reproducibility of native ligand (Sildenafil) in the X-ray crystal structure
(PDB ID: 1TBF). The re-docking results have been shown in Fig. 5A. As
shown, there is a good match between the results of LeDock and the
crystallographic structure. Fig. 5B shows the main interactions of Sil-
denafil, which include a bidentate hydrogen bond (H-Bond) between the
nitrogen atom of pyrazolo[4,3-D] pyrimidine moiety with GIn817.

The synthesized structures (C1, C5, and C7), as well as CAF and
Sildenafil, were docked into the three PDEs receptors (Table 3). As
shown, CAF exhibits the least binding energy of —4.22, —2.45, and
—4.71 kcal/mol against PDE5, PDE6, and PDE9, respectively, while the
synthesized compound C5 showed the maximum binding energy of
—6.39, —3.49, and —6.17 kcal/mol in respect to the aforementioned
receptors. It is evident from Table 3 that the C5 is a more potent com-
pound towards the PDE5 based on the docking results.

The best docking poses of the compounds above with PDE5A and
PDE9A were depicted in Fig. 6. Docking poses for PDE6A were not
depicted in the figure because of lacking permeant interaction of ligand
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Fig. 4. Concentration-dependent DDPH radical scavenging activity of 8-alkyl-
mercaptocaffeine derivatives (C1, C5, and C7). **P < 0.05 compared to CAF
as the reference compound.
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in the active site of the protein. The pattern of forming an H-bond be-
tween the nitrogen atom of pyrazolo[4,3-D] pyrimidine moiety of Sil-
denafil and GIn817 was observed in all ligands except C1 towards
PDE5SA. Moreover, the oxygen atom in this moiety forms H-bond with
the hydroxyl group of Tyr612 in PDE5A (Fig. 6). The hydrophobic
pocket formed by Phe820, Val782, Leu804, and Phe786 helps the alkyl
chain of synthesized ligands to reside well in the active site of this
enzyme. In all ligands (except for C1), Phe820 is responsible for forming
a n-n stacking with the aromatic ring of pyrazolo[4,3-D] pyrimidine
moiety in the case of PDE5A. The docking study reveals the different
patterns in residing the synthesized ligand towards PDE9A. Fig. 6 il-
lustrates that the docking poses of ligands, as contrasted with PDE5SA
pattern, showing oxygen atom in pyrazolo[4,3-D] pyrimidine involved
in interaction with Gln453. It is believed that the Phe456 in PDE9A helps
ligand to accommodate in the active site of the enzyme by forming n-n
stacking with the aromatic ring of pyrazolo[4,3-D] pyrimidine moiety.

Root mean square deviation (RMSD) of Ca atoms of PDE5,6 and 9
backbone were monitored throughout 150 ns MD simulation (Fig. 7A-
C). RMSD analysis showed the differences in the backbone motion of
each enzyme in the presence of the ligands. The CA atoms fluctuation in
PDES5 (Fig. 7A) and PDE9 (Fig. 7C) follows the same pattern showing the
fluctuation about 1 and 2 rather than 4 order of magnitude in PDE6
(Fig. 7B). More restriction in motions occurs when these ligands are
bound to PDES5 and 9, according to RMSD plots.

The root mean square fluctuation (RMSF), as the fluctuation of every
single atom about its average position, was calculated for three PDEs in
the presence of ligands and depicted in Fig. 8A-C. It can be witnessed
from Fig. 8A that the C5 and C8 compounds changed the fluctuations in
residue ranges 650-680 and 730-760 in PDE5A. In the case of PDE9A
enzyme, huge fluctuations occured in residue range 425-450, as
depicted in Fig. 8C.

Conformational clustering was performed on the molecular dynamic
trajectory of the aforementioned ligand-protein complexes to intelli-
gently select representative conformations for further analysis. Clus-
tering was performed employing k-means algorithms by using RMSD of
residues with sieving frame by 10. However, we considered the canter
structures of most populated and hence more stable clusters as repre-
sentatives of binding mode conformations (Fig. 9A-C). Analysis of PDEs
active site reveals four key interactions that affect cyclic nucleotide
selectivity and catalysis: (1) metal-binding; (2) coordination to the
phosphate group; (3) hydrophobic “clamp” that affords affinity; and (4)
hydrogen-bonding network that determines nucleotide selectivity [33].

As shown in Fig. 9, there are two important factors, including i) the
presence of hydrogen bond between the nitrogen atom in the pyrazolo
[4,3-D] pyrimidine group with GIn817 in PDE5A (Fig. 9a), the
hydrogen bond between oxygen atom in the pyrazolo[4,3-D] pyrimidine
group with GIn773 in PDE6A (Fig. 9b) and hydrogen bond between
oxygen atom in the pyrazolo[4,3-D] pyrimidine group with GIn453 in
PDE9A (Fig. 9¢); ii) creation of a hydrophobic cavity, which results in
the better stability of the alkyl group in the active site. However, com-
pound C1, despite having the latter factor, shows less stability due to the
lack of a strong H-bond (see the next section) with GIn817 and due to the
rotation in the active site during the MD simulation course. (Fig. 9A).

3.7. Hydrogen bond analysis

In order to determine the stability of hydrogen bonds between CAF,
C1, C5, and C7 with PDE5SA, PDE6A, and PDE9A, MD analysis of ligand-
enzyme complex stability were performed during the 150 ns of trajec-
tory period. Hydrogen bond profiles between the selected ligands and
the enzyme were calculated using the H-bond utility of AmberTools19.
The threshold for H-bond forming was 3.0 A with an angle of 135°. The
results of the analysis have been shown in Table 4. The percent of oc-
cupancy shows the number of frames in which the particular H-bond has
been monitored out of all processed frames. The H-bonding network, as
has been described in the study of Zhang and coworkers [33], plays a
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Fig. 5. (A) Redocking and superposition of Sildenafil in native structure (PDB ID: 1TBF). (B) Hydrogen Bond network of Sildenafil in the active site of PDE5A.
Sildenafil starts to be recognized by GIn817 through bidentate H-bond. The orientation of the GIn817 side chain is anchored by its H-bond interaction with GIn775.
The orientation of GIn775 side chain is in turn anchored by the H-bond between Ne in GIn775 and the carbonyl oxygen in Ala767 and the H-bond between Ot of

GIn775 and the Ne of Tyr853.

Table 3
2D representation and docking results (in kcal/mol) of selected ligands.

Selected Chemical Structure Docking Result
Ligands
PDES5 PDE6 PDE9
CAF \ ~ —4.22 —2.45 —4.71
7/\ N BN
/N
C1 o>// —5.42 —3.01 —5.20
/>I>\N
I
C5 \ —6.39 —-3.49 —6.17
Q 2.
SN
Cc7 R / —5.64 —3.37 —5.70
N
/
Sildenafil —8.57 - -

= S

crucial role in GMP recognition by PED5A and the other PDEs. There-
fore, those inhibitors which disrupting this H-bonding network are
supposed to have a better inhibitory effect. The analysis disclosed that
the stable hydrogen bond between GIn775 in PDESA and GIn453 in
PDE9A is the key residue in forming the H-bonding network. One of the
oxygen atoms in the pyrazolo[4,3-D] pyrimidine group has a remarkable
impact on the order of inhibition activities of the C5 and C7 (with oc-
cupancy of 6.21% and 3.09%, respectively). At the same time, the lack of
this interaction during the MD simulation can be attributed to the low
binding affinity of CAF and C1 in PDE5A (Table 4). In PDE9A, inhibitors
possessing the key residues His252 and Met365 are supposed to have
remarkable inhibition effects on this enzyme [50]. However, according
to table 4, the C5 compound, by engaging itself with His252, showed
better inhibition.

The hydrogen bond analysis can also promise the emergence of
another pharmacophore in the desired compounds. One can define this
pharmacophore as a hydrogen bond, as it is formed by the hydroxyl

group of Tyr612 with corresponding atoms in C1, C5, C7, and CAF in
PDESA.

3.8. Binding free energy and energy decomposition analysis

The binding affinity of chosen ligands was studied based on binding
free energy estimated using MM-PB/GBSA method. 1000 snapshots of
the MD trajectory were taken to measure the MM-GB / PBSA binding
energy. Based on the extensive tests and the better agreement with the
PB treatment in calculating the electrostatic part of the solvation energy,
the modified GB model was developed by Onufriev and Case (igb = 5
termed as GB®®®!) used in the GB calculations. The solute dielectric
constant was set to 1 [51]. The soltcon parameter was set to 0.15 M for
reconciliation between PB and GB solvation energies, as described in S.
Srinivasan’s work [52]. Table 5 provides the details of contribution
terms in the binding free energies of the inhibitors against PDE5, 6, and
9A according to the definitions in equations (1)-(4). As can be inferred
from Table 5, the free energy order and thus the inhibition efficiency of
the ligands against PDES5A is as follows: C5 > C7 > C1 > CAF. Table 5
also has revealed that the synthesized compounds are supposed to have
the same potency order against PDE6A, with C5 is the most potent in-
hibitor in this category. However, the scenario for PDE9A is different in
terms of the binding free energy of listed ligands against this enzyme.
According to table 5, C7 compound is the most potent inhibitor against
PDE9A, followed by C1 and C5. The MMPBSA calculation can provide
extra information to determine the relative contribution of each residue,
as decomposition analysis, to the binding free energy of PDE5A/ligand
complexes. The results have been shown in Fig. 10.

4. Discussion

Since the discovery of 6-mercaptopurine (6-MP) as a chemothera-
peutic agent [53,54], many attempts have been made on synthesizing a
variety of methylxanthines based on the mercapto moiety into their
scaffolds.

In this study, we found more desirable cytotoxic effects for 8-alkyl-
mercaptocaffeine derivatives having propyl, heptyl, and 3-methyl-
butyl substitutes in cancer cells derived from breast, lung, and oral
human tissues. Our new alkylmercaptocaffeine precursors bearing
heptyl moiety also enhanced the cytotoxic effects of cisplatin in MCF7
breast cancer cells. It has been established that xanthine derivatives [55]
or CAF itself [56] could synergistically sensitize cancer cells to cisplatin.
Besides, it appears that these three selected compounds, C1, C5, and C7,



S. Sargazi et al.

CAF

GIng17A

C1

Vval782A

PheB20A
Val7824

PDESA

H,
\0 Tyr612A

lle403A

0\\’ _ ’{Y N~

PDEY9A

MetdesA

Pheas6a

i

Ginds3A

o403A

Bioorganic Chemistry 111 (2021) 104900

Tyre12A

>

s
H

C5 C7

Pheg20A

Pheg20A

GIng17A

)

LeuB04AMet816A
UeB13A  Phe786A

Tyg124

’?/’*a

Val782A

Phes20A LeuB04A Phe786A

Phe820A
Val782A

GIngs3A

PhedseA
-H
A
pmw

UC (-

le403A

Fig. 6. Binding modes of the ligands in 2D representation obtained from docking simulation. Hydrogen bonds are depicted as a straight dashed line, while the
hydrophobic interactions are shown as curved line.

2
_ 4
< 2
314 a
— CAF = — CAF
01 - - - - - - r : 04
0 20 40 60 80 100 120 140 Q 20 20 60 80 100 120 140
21 _ 501
< <
a
214 g 254
z c1 Z —a
01— r T r r T r r 0.0
Sy 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
< 244
o1 a
é § 2
— cs — s
04 T T T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
K 244
. a
g! 224
= — — C7
04 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
time ¢ (ns) time t (ns)
K
a 21
2
H
— CAF
0+ T T T T T T T T
0 20 40 60 80 100 120 140
<
871
H
—a
0 T T T T T T T T
0 20 40 60 80 100 120 140
=
a2
3
H
—c5
0+ T T T T T T T T
0 20 40 60 80 100 120 140
E
a 24
3
H
— a7
0+ T T T T T T T T
0 20 40 60 80 100 120 140
time t (ns)

(c)

Fig. 7. RMSD plots of CA atoms of (A) PDE5SA, (B) PDE6A and (C) PDE9A bound to the 3 selected ligands

as well as reference compound (CAF).



S. Sargazi et al.

Bioorganic Chemistry 111 (2021) 104900

— cAF
—a
(a) —
250 1 —c7
=<
= 2001
5
]
o
2
=3
3
= -
% 150
[
3
g
5
@ 100 1
§ 100
°
4
501
0.
525 550 575 600 625 650 675 700 725 750 775 800 825 850
Residue No.
1750 —— CAF
(b) —a
— s
1500 —c7

root mean square fluctuation (A)

root mean square fluctuation (A)

-
N
v
o
L

1000 4

~

v

o
L

ul

(=

o
L

250

350 1

300 1

250 1

200 1

150 1

100 1

50 1

450

475

500

525

550

575

600 625 650 675 700 725 750 775 800 825

Residue No.

(c)

CAF
C1

175 200

225

250

275

300

325 350 375 400 425 450 475 500

Residue No.

Fig. 8. Root-mean-square fluctuation (RMSF) per residue of C1 (Black), C5 (Green), C7 (Red), and CAF (Blue) bound to (A) PDE5A, (B) PDE6A and (C) PDE9A. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

10



S. Sargazi et al. Bioorganic Chemistry 111 (2021) 104900

Trp853

GIn817

R

GIn817

/4

\ N
GIn773
A
o3

CAF

GIn773 K

\

’)’”' \
=

GIn681
R

—

Fig. 9. Binding mode of CAF, C1, C5, and C7 as a result of clustering analysis shown as green thick stick models with the active site of (A) PDE5A, (B) PDE6A and (C)
PDE9A.« helix are shown as helix representation. Important residues interactions involved in ligand binding are shown as purple. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

11



S. Sargazi et al.

CAF o Asmson
. Asn300 |
\r ~ sn
Tyrd24
| <

@msoo

Tyr424 | *

\

3’3;53 \
h\T_ / : sGln453 >

)?[ASKOS
7 .f

|

Bioorganic Chemistry 111 (2021) 104900

C1 =
\.’ q / Trp416
0, 7\

Pa—
\

/@

g

| Gmas3

(

GIn453

Fig. 9. (continued).

Table 4

Hydrogen bond analysis for all ligands as well as CAF as a control compound in this study.

Hydrogen Bonds

PDE5 PDE6 PDE9
Acceptor Donor Acceptor Donor Acceptor Donor

CAF (control) CAF@02 GLN817@NE2 (6.12) CAF@O011 GLN773@NE2 (0.043) CAF@O011 ASN301@N (0.022)
CAF@N9 GLN817@NE2 (1.72) CAF@N1 GLN773@NE2 (0.011) CAF@011 TYR424@OH (0.012)
CAF@06 GLN817@NE2 (0.39) CAF@010 GLN773@NE2 (0.007) CAF@010 ASN300@ND2 (0.010)
CAF@02 TYR612@OH (0.16) CAF@N1 HIE559@OH (0.006) CAF@010 MET365@N (0.007)

C1 Cl1@N18 TYR612@OH (0.57) Cl@N11 GLN773@NE2 (0.008) Cl@07 GLN453@NE2 (0.63)
C1@010 GLN817@NE2 (0.43) Cl@03 GLN731@NE2 (0.006) C1@03 TRP416@NE1 (0.29)
Cl@09 TYR612@OH (0.07) Cl@07 ASN607@ND2 (0.001) Cl1@03 ASN405@ND2 (0.03)

Cc5 C5@09 GLN775@NE2 (6.21) C5@03 GLN773@NE2 (0.024) C5@09 ASN405@N (0.096)
C5@N22 GLN817@NE2 (0.76) C5@03 GLN773@NE2 (0.003) C5@N22 GLN453@NE2 (0.091)
C5@010 TYR612@OH (0.69) C5@07 GLN773@ NE1 (0.001) C5@010 HIE252@NE2 (0.038)
C5@09 TYR612@OH (0.62)

Cc7 C8@09 GLN775@NE2 (16.48) C8@03 GLN773@NE2 (0.08) C8@03 ASN405@ND2 (0.73)
C8@09 GLN817@NE2 (3.09) C8@07 GLN773@NE2 (0.04) C8@07 GLN453@NE2 (0.29)
C8@N21 GLN817@NE2 (2.57) C8@07 HIE559@OH (0.002) C8@03 SER404@0G (0.0)
C8@010 TYR612@OH (0.97) C8@07 GLN453@NE2 (0.0)
C8@09 TYR612@OH (0.10)

CAF: Caffeine.
The occupancy percentage are represented in parentheses.

mediate their cell-death-inducing effects through caspase-3 dependent
apoptosis rather than necrosis. However, performing more assays such
as flow cytometry and DAPI staining are needed to detect apoptosis.
Still, our results agreed with the findings of Liu et al., suggesting that
CAF induces sustained apoptosis in HepG2 liver cancer cells through
activation of the caspase-3/caspase-9 signaling pathway [57]. Later, we
found that the three selected derivatives of 8-alkylmercaptocaffeine
prompt cGMP levels in MCF7, KB, and A549 cells, suggesting the role
of synthesized compounds for effective inhibition of PDEs, and

12

therefore, regulation of cGMP hydrolysis in these cells. From the
standpoint of structural activity relationship (SAR), it is a proven fact
that the site of alkylation almost determines the biological activity of the
corresponding methylxanthine. The C(8) alkylation/substitution of CAF
has often proivded a large series of analogues with potential antirhinitis
or antagonistic property for adenosine receptors as well as PDE. Hence,
many efforts have been put into synthesizing manifold 8-mercaptocaf-
feine derivatives which have grabbed much attention since their sig-
nificant pharmaceutical profiles. Mostert et. el synthesized a series of 8-
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Table 5
Binding free energy and its components obtained by MM-PB/GBSA calculation
for all ligands.

CAF C1 C5 Cc8
PDE5 MMPBSA  AEypw  —24.04 -33.45 —48.44 -34.19
AEcle -0.71 —0.52 —0.44 —0.39
AEpg 3.05 4.07 4.76 3.39
AEnp —16.54 -23.27 -32.61 -23.25
AGgolv 14.88 20.53 26.38 20.45
AGg,s —24.75 -33.96 —48.89 —34.59
-TAS 15.99 + 20.61 + 26.04 + 20.52 +
0.49 1.20 1.01 0.97
AGgina —9.86 + —13.43 -22.50 —14.13
2.13 +2.73 + 3.22 + 2.58
MMGBSA  AEypw  —24.04 -33.45 —48.44 —34.19
AEejec -2.85 —2.06 -1.77 -1.57
AEgp 14.78 17.74 18.12 14.72
AEgyrf —2.64 —3.83 —5.77 —3.76
AGgoly 12.14 13.91 12.35 10.96
AGg,s —26.89 —35.51 —50.22 —35.77
AGgina —14.75 —21.60 —37.87 —24.81
+ 1.78 + 2.20 + 2.81 + 2.61
PDE6 MMPBSA  AEypw —24.11 —36.44 —39.80 —38.94
AEcle —0.63 —0.69 —1.83 -1.32
AEpg 3.08 4.08 6.35 4.70
AEnp -16.51 -24.71 —29.08 —25.84
AGgov 15.57 20.81 28.04 24.44
AGgas —24.74 —37.13 —41.64 —40.26
AGgina —9.17 + —16.31 —13.59 —15.82
2.24 +2.44 + 3.93 + 3.04
MMGBSA  AEypw  —24.11 —36.44 —39.80 —38.94
AEcec —2.52 —2.76 -7.35 —5.29
AEgp 13.88 18.67 24.26 21.43
AEgurf —2.61 —4.22 —4.94 —4.38
AGgolv 11.26 14.44 19.32 17.05
AGgas —26.63 —39.20 —47.16 —44.23
AGgind —15.37 —24.76 —27.83 —27.18
+ 2.15 + 2.11 + 3.40 + 3.28
PDE9 MMPBSA  AEypw  —25.37 —36.27 -39.11 —44.68
AEgje -0.37 —2.34 —1.41 —2.44
AEpg 3.14 6.61 17.50 10.39
AEnp —15.95 —24.68 —27.07 —28.44
AGgo1y 15.21 25.43 40.11 32.42
AGgas —25.75 —38.62 —40.52 —47.13
AGgpina  —10.54 —13.18 —0.41 + —14.71
+ 2.72 + 2.70 8.57 + 3.58
MMGBSA  AEypw  —25.37 -36.27 -39.11 —44.68
AEgjec —1.50 —9.37 —5.64 -9.79
AEgp 13.27 25.22 32.25 32.76
AEgurf —2.59 —4.41 —4.71 —5.14
AGgolv 10.67 20.81 27.53 27.61
AGgas —26.88 —45.65 —44.76 —54.48
AGgina —16.20 —24.83 —17.22 —26.87
+ 2.74 + 3.02 + 6.37 + 3.09

[(phenylethyl)sulfanyl] CAF analogues and evaluated them as inhibitors
of human MAO-A and -B. Among the synthesized compounds, 8-[(phe-
nylethyl)sulfanyl] CAF (IC50 = 0.223 IM) showed potent inhibitor of the
type MAO-B isoform [58]. A year after, Rivara et. al, decided to assess
the likelihood of generating new dual A2A antagonists/MAO-B in-
hibitors with potential biological activity at the two targets. To select a
suitable scaffold, they designed new compounds based on caffeinyl core.
They observed that in position 8 of the 9-deazaxanthine scaffold, either a
benzyloxy or a phenylalkynyl substituent of CAF led to compounds with
noticeable MAO-B inhibitory potencies [59]. Krutovskikh et. al synthe-
sezd 8-f-dialkylaminoethylmercaptocaffeine derivatives with radio-
protective property [60]. Furthermore, caffeine-8-thioglycolic acid an-
alogues were designed by Mitkov and coworkers with brain antihypoxic
activity [61]. Here, our aims are to discover new inhibitors of the PDE
enzymes, particularly the PDE 6 and 9 isoform. This study is a contin-
uation of an our continual interest on synthesis of new methylxanthine
derivatives [62]. In an effort to investigate the anticancer effects of PDE
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inhibitors, a series of 8-alkylmercaptocaffeine derivatives was synthe-
sized and evaluated for their biological activities. Supplementary figure
shows various modifications (alkylation or substitution) of methylxan-
thines lead to diverse pharmaceutical properties. For the purpose of this
study 8-alkylmercaptocaffeine homologues containing different alkyl
group substituents on the C8 were considered. The results showed that
only aliphatic substitutions at C8 bear cytotoxicity against A549 cell
line. These compounds also exhibited good cytotoxicity agains KB cells
while C10 and C11 with aromatic substitution at C8 showed the highest
activity against MCF7 cells. We found that although some of 8-alkylmer-
captocaffeine derivatives showed much better cytotoxic effects against
cancer cells, these compounds could trigger cell death through caspase-3
and vGMP-dependent mechanisms, besides being potent inhibitors
against PDE 5A, 6A, and 9A.

On the other hand, PDES5 inhibitors have been introduced as potent
antioxidants, which enhance the enzymatic antioxidants’ system ca-
pacity and restore redox imbalance [63]. In contrast, it has been shown
that CAF, along with its catabolite products, exhibits both antioxidant
and prooxidant properties [64]. Our synthesized compounds, however,
did not show ameliorative effects on lipid peroxidation, and therefore
might not exert antioxidant activity. Furthermore, the antioxidant ca-
pacity of selected derivatives of 8-alkylmercaptocaffeine was analyzed
via DPPH assay. We found higher antioxidant activity than CAF for only
one compound (C5).

Based on computational studies, it seems that VDW, Non-polar
interaction strongly favors the stability of C5, C7, and C1 in the active
site of the enzyme. The favorable interactions of VDW can be attributed
to the alkyl chain interactions with residues in the active site of the
protein. According to the results that have been shown in Fig. 10,
decomposition analysis reveals that the Phe820 has a considerable
contribution to the binding of four ligands, specifically for CAF and C7
compounds. This residue favors accommodation of ligands by van der
Waals interaction with the alkyl chain of the ligands. Another key
interaction that affects cyclic nucleotide selectivity and catalysis of
PDESA is the metal binding. Energy decomposition analysis shows the
contribution of zinc ions in the binding of synthesized ligands and CAF.
It can be inferred that the zinc ion cooperates in binding by favoring the
long-range electrostatic energy interaction with ligands, which espe-
cially has a dominant role in the binding of C5 and C7.

It should be noted that, unlike electrostatic interaction, the polar
solvation energy disfavors the binding of the ligands. Detecting the
residues involved in the hydrogen-bonding network, which has a
massive contribution to the nucleotide selectivity of PDE5A, and their
decomposition energy, gives us a perspective of the efficiency of the
ligands above. It is evident from Fig. 10, residues around the Ala767 like
Asp764, Leu764, Leu765, and, Ile768 show an insignificant impact on
the binding energy of the ligands. Likewise, Met816 and Gly819 in the
vicinity of GIn817 exert their non-dominant positive effects by VDW
interaction, although the polar salvation interaction of these residues
may neutralize their positive impact.

THE human PDE5A gene encodes three PDE5S isoforms from two
alternative promoters, including PDE5A1, PDE5A2, and PDE5A3. The
PDES5 gene is highly expressed in several cancer-associated tissues, such
as breast tumors [65]. Lately, many studies have concentrated on using
PDE inhibitors as a novel therapeutic opportunity for multiple cancers.
In this regard, attempts have been made to utilize PDE inhibitors alone
and in combination with traditional chemotherapeutic agents to kill
cancer cells more effectively [66]. Much recently, Piazza and coworkers
demonstrated how PDES5 inhibition triggers the cGMP/PKG signaling
pathway to suppress Wnt/p-catenin transcription and proliferation of
cancer cells [67]. In the present study, we have demonstrated that 8-
alkylmercaptocaffeine derivatives with propyl, heptyl, and 3-methyl-
butyl moieties have favorable cytotoxic properties in different cancer
cells, possibly through induction of cell death via cGMP signaling. These
findings agreed with previous studies using cancer cells, reporting that
c¢GMP plays a pivotal role in suppressing cell growth and induction of
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Fig. 10. Bar plot depiction of energy decomposition as the VDW, electrostatic, polar solvation, and total energies for C1, C5, C7, and CAF.

apoptosis [68,69]. Moreover, one of the studied compounds having the
heptyl substituent could be utilized in combination with cisplatin, an
alkylating agent, to sensitize breast cancer cells. Nevertheless, our de-
rivatives did not show any antioxidant effects. Altogether, our result
provided a rationale for using newly developed CAF analogs to target
cancer cells exclusively.

Our study had limitations. First, we studied the effects of 8-alkylmer-
captocaffeine derivatives on A549 cell lines, two cancerous models for in
vitro studies that have been reported to have morphological heteroge-
neity with different proliferative activities [70]. Besides, the KB human
mouth cancer cells have been contaminated by Hela cells [71], a human
cervical cancer cell line. The other limitation is that we did not perform
flow cytometry for analysis of cell cycle and apoptosis. Besides, we did
not evaluate the expression of pre- and anti-apoptotic genes that would
provide strong evidence on the occurrence of apoptotic cell death.
Finally, we performed the docking and MD simulation studies of PDE5A,
PDEG6A, and PDE9A but did not give the experimental PDE5A, PDE6, and
PDE9 inhibition studies.

5. Conclusion

Our results suggested that some synthesized 8-alkylmercaptocaffeine
derivatives induce cell death in cancer cells through the cGMP pathway.
These findings will help to get a deeper insight into the role of Meth-
ylxanthines as useful alternatives to conventional cancer treatments.
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