Hindawi

BioMed Research International

Volume 2019, Article ID 9165648, 9 pages
https://doi.org/10.1155/2019/9165648

Research Article

In Silico and In Vitro Analysis of the
4,4',4"-((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))triphenol), an
Antioxidant Agent with a Possible Anti-Inflammatory Function

Ricardo L. Castro®,! Felipe Valenzuela-Riffo,” and Luis Morales-Quintana

' Multidisciplinary Agroindustry Research Laboratory, Instituto de Ciencias Quimicas Aplicadas,

Universidad Auténoma de Chile, Talca, Chile

Instituto de Ciencias Biolégicas, Universidad de Talca, Talca, Chile
*Multidisciplinary Agroindustry Research Laboratory, Instituto de Ciencias Biomédicas, Facultad de Ingenieria,

Universidad Auténoma de Chile, Talca, Chile

Correspondence should be addressed to Ricardo I. Castro; ricardo.castro@uautonoma.cl

and Luis Morales-Quintana; luis.morales@uautonoma.cl

Received 5 January 2019; Revised 1 April 2019; Accepted 28 April 2019; Published 22 May 2019

Academic Editor: Kota V. Ramana

Copyright © 2019 Ricardo I. Castro et al. Thisis an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Inflammation is a consequence of an array of biological reactions that occur in response to pain sensation, local injury, and cell
damage. A large number of studies have demonstrated that quercetin and other flavonoids show anti-inflammatory effects; thus,
in the present work, we evaluated a triazine-phenol derivative (TP derivative) compound as a possible drug candidate with anti-
inflammatory activity. This compound was studied as a possible anti-inflammatory drug using synthesis and characterization by
Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and mass spectrometry (MS). The derivative
of melamine was evaluated for its antioxidant activity and exhibited good DPPH and FRAP antioxidant activity. Additionally, we
evaluated the putative effect of the molecule on the COX-2 enzyme through molecular dynamic simulation (MDS), and the result
suggested that the TP derivative is a potential anti-inflammatory agent that can interact with the COX-2 enzyme because of the
high number of protein-ligand interactions observed with MDS. Finally, the study of theoretical physicochemical properties, the
observation of low toxicity (hemolysis assay), and the evaluation of oral bioavailability of the TP derivative showed that it is a

possible anti-inflammatory drug candidate.

1. Introduction

Inflammation is a consequence of an array of reactions at
the biological level that occur in response to pain sensation,
local injury, and cell damage [1, 2]. Many factors have been
reported that may induce inflammation, including recovery
from injury, antigen-antibody reactions, and defense against
pathogenic organisms [3]. Additionally, there are numer-
ous anti-inflammatory mechanisms that can explain these
processes. One of the most important mechanisms is the
inhibition of cyclooxygenase (COX). It has been discovered
that two different COX enzymes exist, COX-1 and COX-2.
Cyclooxygenase-1 (COX-1) is involved mainly in the func-
tions of the lining of the stomach, the kidney, and platelets.

Cyclooxygenase-2 (COX-2), which is cytokine-inducible, is
expressed in inflammatory cells [4, 5].

Currently, nonsteroidal drugs and other anti-
inflammatory drugs are used to relieve inflammation.
However, the use of these drugs is limited because of
their side effects, such as gastric ulcers, renal damage,
bronchospasm, and cardiac abnormalities [2]. Natural
products have been reported to be beneficial to health
because of their possible effects on the prevention of diseases
such as cardiovascular disease, different types of cancer,
and inflammatory disease. Additionally, natural products
have been an important source for the design of drugs
targeting various pathologies, including the design of anti-
inflammatory agents [6, 7]. Thus, new similar compounds
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ScHEME I: Synthesis of 4,4',4”—((1,3,5-triazine—2,4,6—triyl)tris(azanediyl))triphenol).

obtained from natural products such as phenolic acids and
flavonoids represent alternative sources of new drugs because
of their antioxidant properties [8], biological functions [9],
and anti-inflammatory properties [10, 11].

In contrast, 1,3,5-triazine derivatives are widely used
as herbicides [12], drugs [13], or polymers [14], such as
melamine-formaldehyde, which has excellent thermal and
electrical properties. Similarly, some time ago de Hoog et al.
(2002) [15] showed the synthesis reaction of a TP-derived
compound. In the present study, we evaluated the anti-
inflammatory properties and antioxidant properties of this
compound. Thus, the aims of this research were to synthesize
and characterize a triazine-derived compound with phenolic
group substitutions. To that end, we characterized the in
vitro antioxidant activity and toxicity. Additionally, using
in silico tools (molecular docking and molecular dynamics
simulations), we described the protein-ligand interactions
involved in the binding mode of our proposed compound and
the active site of the putative target protein, COX-2 enzyme,
an enzyme with a crucial role in the inflammation response.

2. Materials and Methods

2.1. Synthesis of the 4,4',4"-((1,3,5-Triazine-2,4,6-triyl)
tris(azanediyl) )triphenol) Compound. The synthesis of the
derivative of triazine (Scheme 1) was accomplished by
adding 2.50g (13.55mmol) of 2,4,6-trichloro-1,3,5-triazine
(Sigma-Aldrich) dissolved in 50mL of acetone. Then,
2.81g (20.30 mmol) of potassium carbonate was added to
the flask and cooled to 0°C, and 4.44g (40.65 mmol) of
4-aminophenol was added. Next, the suspension mixture
was warmed to room temperature and refluxed for 48 h.
The solid obtained was filtered under reduced pressure and
washed with Milli-Q water (3 x 50mL) to remove the salt
KCl formed [15].

2.2. Characterization of the Compound. A Fourier transform
infrared (FTIR) spectrophotometer (Nicolet Nexus 470) was
employed to obtain the spectra of the MG resin. The spec-
tra were collected using the Smart Orbit Attenuated Total
Reflectance (ATR) accessory. Thermogravimetric analysis
(TGA) was conducted under a nitrogen atmosphere at a
heating rate of 10°C min~' ona TGA Q500 (TA Instruments).
A mass spectrometer (Q-Tof Micromass UK) with a constant
nebulizer temperature of 393K was used. The values pre-
sented are the average mass and correspond to the [M+H]
ion.

2.3. Red Blood Cell Lysis Assay. The hemolysis assay was
performed according to the method of Duncan et al. (2005)
[17]. In short, the red blood cells (RBCs) were washed
with PBS (Phosphate Buffered Saline) at 2%, after which
the cells were incubated at 30°C in a saline solution at a
final concentration of 0.25mg mL™'. After incubation for
2h, the samples were centrifuged at 2000 rpm for 10 min,
and the absorbance of the supernatant at 550 nm was mea-
sured. Hemolysis was expressed as the percentage of released
hemoglobin. A solution of RBCs incubated with Triton X-
100 (0.2% V/V) was used as a control (100% of hemoglobin
released). Additionally, morphological changes in the RBCs
were determined by optical microscopy.

2.4. Ferric Reducing Antioxidant Power (FRAP) Assay. The
FRAP assay was conducted according to Castro et al., (2018)
[18] using the reagent 2,4,6-tris and (2-pyridyl)-s-triazine
dissolved in 40 mM of HCI, 25 mL of 300 mM acetate bufter at
pH 3.6, and 2.5 mL of 20 mM FeCl; * 6 H,O. All samples were
read at 593nm using a spectrophotometer (Thermo Spec-
tronic GENESYS 10UV). The percentage of Fe’* scavenging
(reduction to Fe**) was calculated by comparison with the
standard curve (per g of compound).

2.5. (1,1-Diphenyl-2-picrylhydrazyl) Radical Scavenging Meth-
od (DPPH). The DPPH assay was conducted according
to Forero et al. (2014) [19]. The absorbance was mea-
sured at 515nm using a spectrophotometer (Thermo Spec-
tronic GENESYS 10UV). The percentage of the half-maximal
inhibitory concentration (IC,, mg/mL) was calculated by
linear regression analysis of the mean of three determina-
tions.

2.6. Protein-Ligand Interactions. Docking studies were per-
formed to predict the putative binding interactions of the
COX-2 protein (PDB code: 3LNO) with the TP derivative
ligand and quercetin (PubChem CID: 5280343), which was
employed as a positive control. The two ligands were opti-
mized with the SCHRODINGER suite with the OPLS v2005
force field, specifically with the LigPrep [20] and Epik [21]
tools. After ligand optimization, the protein geometry was
optimized with the OPLS v2005 force field [22]. The docking
experiments were performed using the extra precision mode
in the GLIDE program [23], a suite of SCHRODINGER. Five
independent docking runs were conducted for each ligand,
and 25 conformers were obtained in each case.
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TaBLE 1: Antioxidant capacity determined as FRAP and DPPH methods.

Compound FRAP (umol Fe**/g) DPPH (IC;,, #g/mL)
Quercetin 11,162.5 + 94.2 1.48 £ 0.1
TP derivative 9,561.1 +77.8 4.90 £ 0.16

The molecular dynamic simulations (MDS) of the ligands
inside the recognition site of the COX-2 enzyme were studied
using Desmond Package of SCHRODINGER [24] suite with
OPLS v2005 force field [25]. The initial coordinates for
the simulations were taken from the docking experiments.
A crystal structure of COX-2 was embedded into a pree-
quilibrated SPC model of water molecules, and NaCl was
added to neutralize the system. All MDS were performed at
constant temperature (300 K) and pressure (1.01325 bar) in
an isothermal-isobaric ensemble. The MDS were performed
with the protein secondary structure of COX-2 having a
spring constant of 0.5 kcal mol ™ A~* during 100 ns. Data were
collected every 50 ps during the trajectory. Finally, the two
MDS were analyzed by a simulation interaction diagram in
the SCHODINGER suite.

3. Result and Discussion

3.1. Characterization of (4,4’,4”—((1,3,5—Triazine—2,4,6—triyl)
tris(azanediyl) )triphenol). First, we characterized the TP
compound, and in short, we found the following: white
powder; yield=84%. The FTIR main signals were found
at 3390, 3350, 1625, 1600, 1582, 1010, and 808cm '; the
signals at 3390-3350 cm ™" are characteristic of residual amine
groups and correspond to the symmetric vibration as well
as the asymmetric stretching vibration of N-H, suggesting
the formation of the derivative. Additionally, the spectra
show characteristic absorption bands at 1625 and 1519 cm ™",
which were attributed to N-H bending and C-N vibrations,
respectively. Other important signals present in the molecule
were in the region of 1010 and 808 cm™", which was assigned
to the NH bending (ring deformation) and the CNC + NCN
bending (ring out of the deformation plane) of the triazine
group (Figure S1).

Thermogravimetric analysis (TGA) was used to inves-
tigate the formation of the TP derivative, and the results
showed that the initial weight loss was attributed to dehy-
dration. The second weight loss at the temperatures between
100 and 230°C was attributed to the release of CO and CO,
from the groups containing the most labile oxygen molecules
(phenol group) [26]. The weight loss at high temperatures
was attributed to the decomposition of the derivative formed
(Figure S2). Finally, the mass spectrometry analysis showed
that ESI-MS (+): [M + H]" 403 m/z and [M + K]* 440,7 m/z
(Figure S3).

3.2. Interaction TP Derivate with Red Blood Cells (RBCs). Fig-
ure 1 shows the results of the hemolysis of RBCs, expressing
the percentage of released hemoglobin relative to the positive
control (Triton X-100, 0.2%, v/v). The results demonstrated
that the TP derivative at a final concentration of 0.05 mg/mL

induced a low percentage of hemolysis (7%). The analysis
also shows that the derivative of triazine did not result in
significant intense agglutination of RBCs. This demonstrates
the low percentage toxicity of the derivative because any
effects, such as aggregation, crenation, and hemolysis, on
RBCs induced by external agents suggest incompatibility
[27]. Thus, the TP derivative is proposed to be a potential
drug.

3.3. DPPH, FRAP, and Antioxidant Structure-Activity Assays
and the Relationship with the Number of Hydroxyl Groups.
The antioxidant capacity of the TP derivative compound was
determined by the free radical scavenging assay (DPPH)
and the ferric reducing antioxidant power (FRAP) assay.
The results showed an IC;, (mg/mL) of 4.90 + 0.16 for
the compound, while the IC;, was 1.48 + 0.1 for quercetin.
With respect to the capacity to reduce Fe’* to Fe*", the TP
derivative compound showed a higher capacity with 9561.1 +
77.8 (umol Fe**/g) than quercetin with 11162.5 + 94.2 (umol
Fe**/g), which is in accordance with previously published
results capacity of quercetin in this assay [28]. Additionally,
the antioxidant capacity of the TP derivative and quercetin
(as a positive control) were compared using two different
methods (FRAP and DPPH) (Table 1). The results showed
that regardless of the method used, both compounds have
a high antioxidant capacity (Table 1). However, depending
on the method, there is a difference in which of the two
is better; in the FRAP assay, the compound with the best
antioxidant capacity was quercetin, and in the DPPH assay,
the compound with the best antioxidant capacity was the
TP derivative (Table 1). This antioxidant capacity is possible
because both compounds have similar chemical composi-
tions, mainly regarding the phenolic rings present in the
structures of quercetin, as well as flavonoids in general, and
the TP derivative [29, 30].

Another structural characteristic is the number of -OH
substitutions, which is an important property of many natural
products, such as flavones, that is related to antioxidant
capacity. For example, in the evaluation of the ORAC ROO’
activity of three different characteristic compounds with high
antioxidant capacity (quercetin, kaempferol, and myricetin),
there was a relationship between the antioxidant capacity
and the number of -OH moieties, and the following order
of antioxidant capacity was obtained: kaempferol < quercetin
< myricetin. Quercetin contains 5 hydroxyl groups, while
the TP derivative compound only has 3 hydroxyl groups [31]
(Scheme 1).

3.4. In Silico Protein-Ligand Interaction. COXs [30], also
known as prostaglandin G/H synthases, play a crucial role
in inflammation and are targets of common nonsteroidal
anti-inflammatory drugs [32]. There are two main COX
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FIGURE 1: Results of RBC hemolysis assay. (a) Optical microscopy of washed RBCs after incubation with the TP derivative (TP derivative)
(0.05mg/mL). Scale bar: 20 mm. (b) Percent hemolysis of washed RBCs obtained from the interaction with the derivative of melamine
compared to the positive control 0.2% Triton X-100 (100% hemolysis) and negative control (PBS) n=3.

TABLE 2: Molecular docking analysis for the interaction of COX-2
with the two different ligands.

Ligand A Gbind (kcal mol™)
Quercetin -54.2 +3.6°
TP-derivate —436+2.9°

Data correspond to the mean + SE of ten best protein-ligand conformations
of five independent docking runs for each ligand with the COX-2. Different
superscripted letters indicate significant differences of COX-2 with the
different ligands (Tukey HSD test, p = 0.05). AGbind, total binding energy.

enzymes, COX-1and COX-2. In particular, different authors
have suggested a beneficial action of COX-2 in inflammation
[33-37]. Thus, we used the COX-2 structure to evaluate the
molecular mechanism of the triazine derivative compound
as an anti-inflammatory drug. The crystal structure of COX-2
was evaluated using the TP derivative and quercetin as the lig-
ands. First, a molecular docking simulation was used to bring
the molecules together and to include the ligands in the active
site of the COX-2 enzyme; negative energies were obtained
for the two ligands tested, indicating a probable protein-
ligand interaction. The best interaction was obtained between
COX-2 and the TP derivate as substrate with —54.2kcal
mol !, while quercetin showed a value of —43.6 kcal mol™
(Table 2).

MDS was performed with each ligand using the best
protein-ligand complex obtained from the MM-GBSA and
docking studies. The analysis of the molecular dynamics
simulations showed that the two ligands could interact with
the COX-2 enzyme with stable RMSD values of the ligands
with the protein (Figure S4); however, a lower RMSD of 1.6 A
was obtained for the TP derivative than for quercetin, which
showed an RMSD value of approximately 3.5 A (Figure S4).
The protein-ligand interactions can be monitored throughout
the simulation, and we showed different residues that directly

or indirectly interact with each ligand. Table 3 shows the
hydrogen bonding (H-bond) frequency between the COX-
2 residues and each ligand, indicating that 11 residues play
the most important roles in the COX-2_ligand complex. Ten
of these residues are more persistent in H-bond formation
and one of these residues is important to maintain the
structure of the pocket. Interestingly, all eleven residues do
not participate in the interactions with both ligands; only
six residues participate in the COX-2_quercetin interaction,
while nine residues participate in the COX-2_TP derivative
interaction (Table 3). Additionally, Figure 2 shows the inter-
action geometries of the TP derivative and quercetin; the
residues of chain A and B participate in the COX-2_ligand
interaction, and there are small differences between the two
putative drugs. However, these residues that form H-bonds
with the ligands are not the only residues that interact with
the ligands; in fact, the protein-ligand interaction can form
“contacts”, and these “contacts” are categorized into four
types: hydrogen bonds (shown in Table 3), hydrophobic
interactions, ionic interactions, and water bridges (Figure
S5). Figure S5 shows the other types of interactions present
in each complex, and the TP derivative ligand has more
interactions than quercetin and was interacting with COX-2
for a large percentage of time (Figure S5). The value of 0.8 of
the Phel28 residue (chain A) in Figure S5 in panel A indicates
that the hydrophobic interaction between this residue and
the ligand was maintained for 80% of the simulation time,
while values over 1.0 indicate that the protein residue may
make multiple contacts of the same subtype with the ligand,
such as the residue Asp 215 of chain B in Figure S5, panel A.
Finally, all the interactions of the residues separately shown
in both Figure S5 and Table 3 indicate that the TP derivative
ligand, with approximately 8 to 10 average interactions, has a
greater number of contacts during the MDS than quercetin,
which showed approximately 6 or 7 interactions per time step
during the MDS (Figure 3).
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FIGURE 3: A timeline representation of the interactions and total contacts (H-bonds, hydrophobic interactions, ionic interactions, and water
bridges) obtained during the molecular dynamics simulations. The panels show the total number of specific contacts the protein made with
the ligand over the course of the simulation. (a) corresponds to the TP derivative, and (b) corresponds to quercetin.

3.5. Structure-Activity and Anti-Inflammatory Correlation.
The relationships between drug structure and drug activity
were determined by MDS, and the results show that the
activity of quercetin and the TP derivative at the active
site of COX-2 is mainly mediated by the hydroxyl groups
present in both structures (Figure 4). In the case of quercetin,
there is a strong intramolecular hydrogen bond between the
hydroxyl of C5 (5-OH group) and the carbonyl oxygen [38]

that does not favor the anti-inflammatory activity. However,
although the nitrogen or the nitrogen group atoms present
in the structure of the heterocycle derivative of pyridine
could increase interactions with the active site (e.g., the drug
etoricoxib), the MDS showed that the heterocyclic structure
present in the TP derivative did not favor the interaction. The
reduced interaction between the TP derivative and COX-2
can be explained by the steric hindrance produced by the
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TABLE 3: Interaction analysis between residues of the active site of the COX-2 and the ligands (A) Quercetin and (B) TP derivative.

(A) Quercetin (B) TP derivative

Residue of COX-2

Interaction type % of occupancy Interaction type

% of occupancy

Lys 518 H-bond (backbone) 86 - -
Val 214 H-bond (backbone) 61 H-bond (backbone) 99
Arg 362 H-bond (water) (backbone) 67 - -
Ser 129 H-bond (water) (backbone) 33x% H-bond (sidechain) 42
Leu 210 H-bond (water) (backbone) 33x H-bond (backbone) 59
Gln 360 H-bond (sidechain) 86 - -
Asp 215 - H-bond (water) (sidechain) 983
Asn 361 - H-bond (water) (backbone) 48
Asn 361 - H-bond (backbone) 75
Gly 211 - H-bond (water) (backbone) 47 %
Phe 128 - Structural role -

* A water molecule of the form residue-water-ligand mediates the interaction.

interaction of the center of molecule with the active site by
the three aromatic rings present in the border of the structure.
Another possible point of interaction is the amine group
present between the phenolic group and the triazine nucleus.
These groups do not contribute in the interaction with the
active site because of the steric hindrance of the aromatic ring
(Figure 4).

3.6. Relationships between Conformational Analysis and
Anti-Inflammatory Activity. The conformational preferences
between the interaction site and the ligand were studied
to compare the conformational structure of both ligand
molecules. The results showed that quercetin has a minor
point interaction with COX-2, mainly because there is only
1 rotatory bond (Table 3). Specifically, this rotational bond
is found between C2 and CI, which is formed from orbital

Cyp2-Cyps that allows the bonds to rotate freely. The heavy
electron density in the o bond between the two explains the
minor interaction of the ligand residue (Figure 4). This rota-
tional bond allows the OH group between C3’ and C4’ in the
quercetin molecule to flip (Figure 4). With respect to the TP
derivative molecule, 6 possible conformations were observed
because this molecule has 6 rotatory bonds (Figure 4 and
Table 4). Specifically, there is a Nsp3 hybridization of the
nitrogen in the C-N-C bond, generating a near bond angle
0f 120°C that allows the rotation in the C-N bond of the three
phenolic groups present in the structure (Figure 4).

3.7. Theoretical Physicochemical Properties. We evaluated
the anti-inflammatory properties of the TP derivative and
evaluated the binding interaction with the putative target
enzyme. However, for the prediction of possible drugs, it is
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TABLE 4: Structural properties evaluation of the two ligands.

Compounds "1;?821; V((il;;;le Nrotb n-OHNH donors n-OH acceptors miLogP

Quercetin 131.35 240.08 1 5 7 1.68

Triazine-Phenol derivative 135.44 347.06 6 6 9 4.80

TPSA: topological polar surface area, nrotb: number of rotatory bonds, n-OHNH: number of hydrogen bond donors, n-OH: number of hydrogen bond

acceptors, miLogP: octanol/water partition coefficient. The data was determined using the Molinspiration calculation software v2018.10 [16].

necessary to evaluate some physicochemical properties that
are important in the design and discovery of new drugs [39].
Therefore, this study determined the preliminary theoretical
physicochemical profile of the TP derivative, using quercetin
as the positive control (Table 4). The lipophilicity, expressed
as the octanol/water partition coefficient (miLogP), and the
topological surface area (TPSA) are two markers used to
predict the oral bioavailability of new drugs [40-42]. The
miLogP results were 1.68 for quercetin and 4.8 for the TP
derivative, which correlated with antioxidant capacity (see
Table 1). Both compounds possessed LogP values less than
5, which show good water solubility characteristics [39]. The
TPSA results showed 131.35 for quercetin and 135.44 for the
TP derivative, which were both less than a TPSA value of
150, indicating that the two compounds were valid candidate
drugs with good oral bioavailability [39] (Table 4).

4. Conclusions

In summary, we have shown that a TP derivative compound
previously described (De Hoog et al., 2002) [15] has powerful
anti-inflammatory and antioxidant activity because it showed
results similar to those described for quercetin, a powerful
and known compound with anti-inflammatory and antiox-
idant properties. Additionally, we observed the interaction
of this compound with key residues in the active site of the
COX-2 enzyme, an enzyme that is important in the anti-
inflammatory response. Finally, regarding the theoretical
physicochemical properties of the TP derivative structure, the
TP derivative was shown to be a suitable candidate drug with
good oral bioavailability (Table 4).
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