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Introduction

Pyrimidine is a six-membered aromatic heterocyclic
organic molecule bearing nitrogen atoms at the 1% and
3 positions. Of all the diazine heterocycles, pyrimidine
is specifically important due to its presence in ribonucleic
acid (RNA) and deoxyribonucleic acid (DNA) in the form

elucidated the antiproliferative mechanism of action. Western blot analysis examined the expression
levels of key pro-apoptotic (Bax, p53) and pro-survival (Bcl-2) proteins. The anti-inflammatory
activity was assessed by measuring the production levels of nitric oxide in RAW264.7 cells, and the
expression levels of COX-2 enzyme in LPS-activated THP-1 cells. In addition, the gene expression
of various pro-inflammatory cytokines (IL-6, IL-8, IL-1f, TNF-a) and chemokines (CCL2, CXCL1,
CXCL2, CXCL3) was assessed by RT-qPCR.

Results: Compound 1 bearing a chlorine substituent displayed the highest cytotoxic activity
against HCT-116 and MCE-7 cancer cells where IC, values of 49.35 + 2.685 and 69.32 + 3.186 uM,
respectively, were achieved. Compound 1 increased the expression of pro-apoptotic proteins p53
and Bax while reducing the expression of pro-survival protein Bcl-2. Cell cycle analysis revealed
that compound 1 arrested cell cycle at the GO/G1 phase. Anti-inflammatory assessments revealed
that compound 1 displayed the strongest inhibitory activity on NO production with IC,_ of 29.94
+ 2.24 uM, and down-regulated the expression of COX-2. Compound 1 also induced a statistically
significant decrease in the gene expression of various cytokines and chemokines.

Conclusion: These findings showed that the pyrimidine derivative 1 displayed potent anti-
inflammatory and anticancer properties in vitro, and can be selected as a lead compound for
further investigation.

of cytosine, uracil, and thymine, rendering it an attractive
scaffold for the development of clinically relevant bioactive
compounds. The pyrimidine pharmacophore occupies
an important place in the field of drug development
and discovery where a large array of pyrimidine-based
compounds with broad-spectrum biological activities was
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discovered. These include anticancer (5-fluorouracil),!
antiviral (idoxuridine and trifluoridine),>* anti-HIV
(zidovudine and stavudine),** antibacterial (trimethoprim,
sulphamethazine, sulphadiazine and sulphadoxin),®’
antimalarial (sulphadoxin),® antihypertensive (minoxidil
and prazosin),” sedative-hypnotic  (barbiturates),"
anticonvulsant (phenobarbitone)," antithyroid
(propylthiouracil),’? H1-antihistamine (thonzylamine),"”
and antibiotic drugs (toxoflavin and fervennuline).'*
Regarded as a privileged pharmacophore, the pyrimidine
nucleus continues to be explored in the discovery of
novel therapeutic agents for diverse clinical applications.
In specific, many recent reports explored the anticancer
potential of numerous pyrimidine-based compounds that
exerted antiproliferative activity by diverse mechanisms
and at different cellular targets.”” The continual quest
for the discovery of novel anticancer drugs is driven
by the development of multidrug drug resistance by
cancer cells against many of the commercial first-line
chemotherapeutic agents. This resulted in an exponential
increase in cancer cases and mortality rates worldwide
and fueled research aiming at the discovery of innovative
anticancer medications with improved pharmacodynamic
and pharmacokinetic profiles, and safer toxicity spectrum.

Pyrimidine-containing compounds are also well-known
anti-inflammatory agents. Pyrimidines ability to inhibit
the expression and activity of key inflammatory mediators
such as prostaglandin E2, inducible nitric oxide synthase
(iNOS), tumor necrosis factor-a (TNF-a), nuclear factor
kappa B (NF-«B), as well as chemokines and cytokines, is
believed to be the cause for its anti-inflammatory activity.'®

The current study addresses the cytotoxic
and anti-inflammatory efficacy of eleven novel
pyrimidine derivatives'” based on trifluoromethylated
pyrimido[1,2-b]pyridazin-2-one core substituted at
position 7. The molecular mechanism underlying the
anti-proliferative properties was studied by monitoring
key apoptotic mediators and analyzing the cell cycle by
flow cytometry. On the other hand, the anti-inflammatory
efficacy was investigated by measuring nitric oxide (NO)
levels in lipopolysaccharide (LPS)-stimulated RAW264.7
macrophage cells, as well as determining the expression
levels of pro-inflammatory cytokines, chemokines, and
COX-2 in LPS-activated THP-1 cells. Furthermore, the
molecular properties and drug-likeliness characteristics
of the test compounds were predicted using MolSoft
software.

Materials and Methods

Cells

HCT-116 human colorectal carcinoma cells and MCF-7
(ER+, PR+/-, HER2-) human breast cancer cells were used
to test the cytotoxic activity of the compounds. To assess
the anti-inflammatory activity, RAW264.7 macrophage
cell line and THP-1 human leukemia monocytic cells
(ATCC® TIB-202™) were used.

Antibodies

All antibodies used in the current study were purchased
from Santa Cruz Biotechnology. The primary antibodies
included anti-p53 (DO-1, mouse monoclonal IgG2a),
anti-Bcl-2 (N-19, rabbit polyclonal IgG), anti-Bax (B-9,
mouse monoclonal IgG2b), and anti-B-actin (C-4, mouse
monoclonal IgGl). Horseradish peroxidase-conjugated
anti-mouse IgG and anti-rabbit IgG Ab constituted the
secondary antibodies.

Reagents
Dulbecco’s Modified Eagle Medium (DMEM) and Roswell
Park Memorial Institute media (RPMI 1640), phorbol
12-myristate 13-acetate (PMA, Product No. P1585),
dimethyl sulfoxide (DMSO), RNase A, propidium iodide
(PI), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) reagent were purchased from
Sigma-Aldrich (St. Louis, Mo, USA). Cell culture media
(DMEM and RPMI 1640) were supplemented with 10%
heat inactivated fetal bovine serum (FBS), L-glutamine,
1% penicillin/streptomycin, HEPES and sodium pyruvate.
In western blot assays, SDS-polyacrylamide gel
electrophoresis was conducted using Laemmli loading
buffer (10 pL volume; Merck, Germany) and 0.45 mm
nitrocellulose membrane. LPS (final concentration 1 pg/
mL) and Griess reagent (Sigma, St. Louis, Mo, USA) were
used in Griess assay. For RT-qPCR analysis, several kits
were used including Reverse Transcription Kit (Thermo
Fisher Scientific, 00455121), QIAzol reagent (QIAGEN,
79306) and iTaq™ Universal SYBR® Green Supermix (Bio-
Rad).

Cell culture

HCT-116, MCF-7 (ER+, PR+/-, HER2-), and RAW264.7
cells were cultured in DMEM, while THP-1 cells were
grown in RPMI 1640 medium in T-75 flasks. All cells
were incubated at 37 °C and 5% CO, in a humidified
incubator. THP-1 cells were used after differentiation
into macrophages using 25 nM of phorbol 12-myristate
13-acetate (PMA) for 48 hours, and maintained in RPMI
1640 as described above.

MTT cell viability assay

Cells, inoculated in 96-well plates (2x10* cells/well),
were treated with the test molecule for 48 hours while
the negative control received only growth medium
supplemented with DMSO (< 0.2%) used as a vehicle. The
clinical anticancer drug cisplatin was used as a positive
control. Following incubation, all cells received MTT
reagent (10 pL) including controls, and the plate was
incubated at 37 °C and 5% CO, for 2 hours. Colorimetric
quantification was performed at an optical density of 570
nm. The absorbance of the sample wells was corrected by
subtracting that of the blank wells. The percentage of cell
viability was calculated and normalized to the controls.
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Cell cycle analysis

HCT-116 cells were cultured at a concentration of 3x10°
cells/well. Following incubation for 24 hours, the test
compound was added and cells were incubted for 48
hours. Cells were then collected and fixed with 75% cold
ethanol in PBS at 4 °C for 18 hours. RNase A (1 mg/mL,
200 pL) and PI (100 pug/mL, 500 pL) were then applied
for 30 minutes at room temperature while covering
the plates with aluminum foil. Cells were analyzed on a
FACScan flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA), and the generated data was analyzed
with ModFitLT V2.0 software provided by the vendor of
the flow cytometer.

Western blotting

Levels of protein expression were assessed by loading
equal amounts of protein (as determined by Bradford
assay) extracted after 48 hours of treatment into a 12%
sodium dodecyl sulfate (SDS)-polyacrylamide gel in three
independent Western blot assays. Following adequate
dilution in distilled water, samples were loaded into the
gel using a constant volume of Laemmli loading buffer
(10 L) and allowed to stack for 30 min at 50 V, followed
by migration in the resolving gel at 100 V. Proteins were
next transferred to 0.45 mm nitrocellulose membrane in
methanol transfer buffer for 2 hours at a voltage of 50 V.
The membrane was then blocked using 5% non-fat milk
at 4 °C for 18 hours, after which it was incubated with
primary antibodies anti-p53 (DO-1, mouse monoclonal
IgG2a), anti-Bcl-2 (N-19, rabbit polyclonal IgG), or
anti-Bax (B-9, mouse monoclonal IgG2b) for 2 hours
at room temperature. Membranes were washed 6 times
(5 min/wash) in TBS1X-0.001% or 0.0002% Tween at
room temperature, followed by 1 hour incubation with
the adequate secondary Horseradish Peroxidase (HRP)-
conjugated antibodies. Antibodies were diluted in 5%
non-fat milk, except for the anti-B-actin Ab that was
diluted in TBS1X-0.001% Tween. Protein expression was
then visualized on the developed membrane using Clarity
Western enhanced chemiluminescence blotting substrate
on the ChemiDoc imaging system (Bio-Rad).

NO production

Levels of NO production by LPS-activated macrophage
cells were determined indirectly by measuring the amounts
of released nitrite using Griess reagent.'® After culturing
RAW264.7 cells in 24-wells culture plates for 24 hours, the
cells were treated with different concentrations of the test
molecules for 2 hours, with cells receiving growth media
only used as negative control. The production of nitrite
by cells was induced by incubating the cells with LPS (1
ug/mL) at 37 °C for additional 24 hours. Subsequently,
the supernatant was collected, and an aliquot (50 uL) was
mixed with Griess reagent (50 pL) for 10 min at room
temperature. Absorbance of the mixture was assessed at
540 nm using a microplate reader. The levels of nitrite in

the supernatants were extrapolated from a sodium nitrite
standard curve.

THP-1 treatment

THP-1 cells were cultured in 12 well plates (10° cells/
well) and treated with pyrimidine derivatives (10 uM or
50 uM) for 30 minutes followed by adding LPS (100 ng/
mL). DMSO (<0.2%) was used as a vehicle in the control
sample. After 24 hours incubation, supernatants were
obtained and kept at -80 °C for subsequent measurement
of cytokines and chemokines. Cells designated for gene
expression experiments were incubated with the test
compound for 6 hours.

RNA expression by quantitative real-time PCR (RT-
qPCR)

RNA extraction

500 L of QIAzol reagent (QIAGEN, 79306) were added to
THP-1 cells. Total RNA was harvested in accordance with
the manufacturer’s recommendations and reconstituted in
20 uL RNAse, DNAse-free water. A nanodrop (Thermo
Fisher Scientific) was used to quantify the total RNA.
Samples were stored at -80 °C for later use. The ratio of
absorbance of RNA to DNA was used to assess the purity
of collected RNA where values in the range 1.8-2 are
considered acceptable.

Reverse transcription

Total RNA (2 ug) was reverse transcribed to cDNA by
utilizing the High Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific, 00455121) following the
manufacturer’s instructions. cDNA was diluted in RNAse-
free water and further processed by RT-qPCR.
Quantitative RT-gPCR

RT-qPCR was conducted using iTaq™ Universal SYBR®
Green Supermix (Bio-Rad) where 2.5 puL of each cDNA
was added to the 384 well plate and inserted into a BioRad
CFX384 qRT-PCR machine. The obtained data was
analyzed by normalization to the reference gene, namely
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Primers were obtained from Eurofins Genomics, Germany.

Docking studies

The chemical structures of eleven pyrimidine-based
compounds were drawn and 3D optimized by ChemSketch
software and docked with a conformationally stable crystal
structure of Akt protein (PDB ID: 1gzo) with resolution
2.75A by using AutoDock 4.2.6 software to obtain the
basic protein-ligand interactions. The protein structure
was prepared for docking by eliminating from the PDB
file all extra data (HETATM) and only the base protein
was used in AUTODOCK software after minimizing the
energy of the protein.

Statistical analysis
Results were analyzed either by one-way ANOVA test
for multiple comparisons followed by Dunnetts test or
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unpaired Student’s t-test using GraphPad Prism 6 software.
Differences were deemed significant when p-value were <
0.05. Error bars on graphs signify the standard error mean
(SEM) of three measurements.

Results and Discussion

Tested pyrimidine derivatives

Encouraged by the fact that many pyrimidine-based
compounds displayed broad spectrum biological
activities such as anticancer,” anti-inflammatory,® and
antibacterial,”’ we set out to assess the anticancer and
anti-inflammatory activities and decipher the mode of
action of eleven novel pyrimidine derivatives based on
4-trifluoromethylated 7-(substituted)-2H pyrimido[1,2-b]
pyridazin-2-ones (Fig. 1). The synthesis of this set of newly
prepared compounds was reported somewhere else."”

Molecular properties and drug likeliness

The therapeutic outcome of a compound is immensely
influenced by its physicochemical properties. A key
predictor that is often evaluated when predicting the drug-
likeliness characteristics ofamolecule is oral bioavailability,
which is affected by several parameters such as molecular
flexibility, polar surface area (PSA), lipophilicity, and
the total number of hydrogen bond donors (HBD) and
acceptors (HBA). The unanimous Lipinskis rule of
five states that a molecule will likely exhibit good oral
bioavailability and improved membrane permeability if
its molecular weight is < 500 Da, hydrophobicity (LogP) <
5, and contains less than 10 HBA, and less than 5 HBD.*
On the other hand, Veber and coworkers addressed oral
bioavailability in terms of molecular flexibility and total
PSA and indicated that a compound with less than 10
rotatable bonds and PSA less than 120 A? will be readily
bioavailable.”® Fortunately, computer programs such
as MolSoft software (MolSoft, 2007) can predict these
physicochemical parameters. Table 1 summarizes the
various parameters and the drug likeliness score (DLS)
calculated for the compounds under investigation. All
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molecules had a molecular weight of less than 500 (except
for compound 7), not more than 10 HBA, and not more
than 5 HBD, thus satisfying Lipinski’s criteria for good
oral bioavailability. Hydrophobicity, defined as the Log of
the octanol/water partition coefficient P (LogP), was less
than 5 for most molecules. The low LogP values provided
room for possible structural modification to improve the
pharmacodynamics and/or pharmacokinetic properties.
Another important parameter that affects bioavailability
and therapeutic outcome is solubility. Molecules with
low water solubility (<10* mg/L) will have inadequate
absorption into the bloodstream. The compounds tested
in our study exhibited high solubility ranging between 6.7
mg/L for compound 7 and 173849 mg/mL for compound
8, thus meeting an important criterion towards achieving
good oral bioavailability. Another valuable statistic for
predicting compound transport characteristics is PSA,
designated as the sum of surfaces of oxygen and nitrogen
atoms and attached hydrogens. PSA ranged between 39.09
A for compound 1 and 82.24 A2 for compound 8. These
values are well below the 120 A> maximal threshold allowed
for compounds with potentially high bioavailability. In
addition, the ability of a compound to cross the Blood-
Brain Barrier (BBB) can be assessed from the BBB score
with optimal values ranging between 0 and 6 as inferred
by the software. In fact, the BBB score is influenced by
tive physicochemical descriptors, namely the number of
aromatic rings, heavy atoms, MWHBN (molecular weight,
HBD, and HBA), PSA, and pKa. All tested compounds
had a score between 2.8 and 4.45, indicating that they have
a good tendency to cross BBB. Such overall promising
parameters translated into high percent absorption scores
ranging between 80.60% for compound 8 and 95.5% for
compound 1, indicating that the compounds under study
are highly absorbed and distributed. Despite the favorable
characteristics that promoted good bioavailability, the
test compounds displayed low drug-likeliness scores with
the best result observed for compound 9 (0.71) which is
below the unity value deemed for drug-like molecules.
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Fig. 1. Chemical structures of the pyrimidine derivatives evaluated in the current study.
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Table 1. Absorption (%ABS), Lipinski’s parameters, VVeber parameters, solubility, blood-brain barrier (BBB) score, and the drug-likeness score of the pyrimidine

derivatives as calculated by MolSoft software

Compound Mf::z:::::r Mvc;l:ig:ltar HBA HBD MollLogP “?:1:755 M:)I.I\F:)S A MolVol (A3%) s?::rBe Liksilti,r::ss %ABS
1 C,H,CIF,N.O 248.99 3 0 1.53 2051.09 39.09 224.28 431 -1.39 95.51
2 CH,F;,N,O 256.03 5 0 111 14898.9 80.78 235.07 3.19 -1.11 81.13
3 C,,HgF;N,0, 283.06 4 0 1.47 10331.03 46.91 293.8 4.04 -0.83 92.82
4 C,H,FNO, 29717 5 3 -0.77 45726.69  53.76 27039  3.08  -0.58 90.45
5 C,,HgF;N,0, 307.06 4 0 2.61 310.31 46.24 295.93 4.48 -1.08 93.05
6 C,H,FN,O, 397.01 4 0 331 110.58 46.41 323.15 4.47 -1.31 92.99
7 CHCIFINO, 51793 5 0 4.48 6.7 55.95 38673 445 017 89.70
8 C,,H,F,N,O, 312.06 6 1 -0.07 173849.19 82.24 288.04 2.95 -0.48 80.63
9 C,H.FNO, 41612 6 1 23 850.57 81 39478 373 071 81.06
10 CHFNO 37824 7 5 0.11 50907.68 75.4 35586 267  -1.04 82.99
11 C H,F.NO 296.16 7 5 -1.32 74066.59 72.66 255.03 2.82 -0.78 83.93

10 19 3 6

In fact, the drug-likeliness score is influenced by several
physicochemical parameters such as lipophilicity,
electronic distribution, H-bonding tendency, molecular
weight, molecule flexibility, and the structural features
of the pharmacophore, all of which greatly affect the
pharmacodynamic and pharmacokinetic characteristics
of the compound.

Anticancer activity

Cell viability assay

The MTT cell viability assay was utilized to evaluate the
in vitro cytotoxic activity of the 11 pyrimidine analogues
against two cancer cell lines, namely, MCF-7 (human
breast carcinoma) and HCT-116 (human colorectal
carcinoma). IC, values, defined as the concentration of
the test compound needed to inhibit the growth of 50%
of cells, were extracted from the corresponding dose-
response curves depicted in Fig. 2. While most tested
compounds showed weak to moderate activity, compound
1 specifically displayed potent cytotoxicity with IC_ values
of 49.35 + 2.685 and 69.32 + 3.186 uM against HCT-116
and MCF-7 cells, respectively. Compound 1 achieved 70-
80% inhibition of cell growth at the highest concentration
tested (200 uM). However, the tested compounds were less
effective compared to the clinical anticancer drug cisplatin
which exhibited IC_ values of 2.56 + 0.537 and 6.72 + 1.57
uM against MCF-7 and HCT-116 cancer cells, respectively.
The cytotoxicity of the tested compounds was structure-
dependent. Comparatively speaking, compound 1 with an
electron withdrawing halogen at the C7 position was the
most effective.*

The anticancer activity of synthetic pyrimidines against
human breast and colon cancers was demonstrated in
multiple reports.*?° Physiologically active pyrimidine
derivatives  identified  through  structure-activity
relationship studies showed marked intervention in
cancer cell development and growth. To elucidate the
mechanism of action of compounds in the current study,

we examined the expression of apoptotic mediators and
cell cycle markers.

Docking test

Akt is a serine/threonine kinase that serves a crucial role
in promoting survival pathways in a variety of cellular
systems by deactivating downstream apoptogenic factors.
Therefore, inhibition of Akt leads to the activation of
pro-apoptotic proteins that eventually lead to apoptosis.
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Fig. 2. Dose-response curves of the eleven pyrimidine derivatives evaluated
against (A) MCF-7 and (B) HCT-116 cell lines. OD was measured after 48 h
of treatment and compared to cells that did not receive treatment (negative
control). Cisplatin, a clinical anticancer drug, served as a positive control.
Data is represented as mean + SEM. One-way ANOVA was used to assess
statistically significant differences (* P < 0.05; ** P<0.01; *** P < 0.001; ****
P < 0.0001 versus negative control (no treatment)).
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Phosphorylating Thr-308 in the active site or Ser-473 at
the C-terminus of Akt is essential for the enzyme to be
fully activated. To understand whether the inhibition
of Akt may have contributed to the observed anti-
proliferative effect of the tested pyrimidine derivatives,
molecular docking experiments were conducted and the
binding interactions between the test compounds and Akt
protein were studied. Analysis of the molecular docking
data showed that all pyrimidine analogues can bind to the
Akt protein. The binding affinity of the tested compounds
ranged between -4 to -7 which may predict a good affinity
between the compounds and the Akt protein (Table 2).
Compound 1, which displayed the highest anticancer
activity in the cell viability assay, was found to bind with
the hydrophobic core from Ser-205 to Gly-294 (Fig. 3),
with a binding affinity of -5.82 and inhibition constant
(KI) of 54.22 uM. This binding region is close to Thr-
308 (phosphorylation activating region), which may have
contributed, at least in part, to the observed cytotoxic
effect through the inhibition of Akt activity.

Western blot analysis

The inhibition of Akt by the pyrimidine derivatives can be
investigated indirectly by tracing the levels of the tumor
suppressor protein p53 and the pro-survival protein
Bcl-2, both of which are downstream targets for Akt
activation. It is reported that the upregulation of Bcl-2
is a key factor in cancer cells’ resistance to chemo- and
radiotherapies.®® Therefore, repressing Bcl-2 expression
can promote the sensitivity of cancer cells to therapy.
Furthermore, the expression levels of the pro-apoptotic
proteins Bax and Bak, which are members of the Bcl-2
family can be measured.”> The oligomerization of these
proteins on the mitochondrial outer membrane increases
its permeability and triggers the discharge of apoptosis-
inducing mediators such as cytochrome C, Smac, and
other proteins that promote caspase activity to kill the cell
through the intrinsic apoptotic pathway.”**

Table 2. Binding affinity and inhibition constant for the pyrimidine derivatives
and Akt protein as determined by AutoDock software

Compound Binding Affinity KI/uM
1 -5.82 54.22
2 -5.19 157.62
3 -5.43 105
4 -5.91 46.1
5 -6.71 11.97
6 -6.25 26.24
7 -8.28 0.847
8 -4.77 320
9 -7.78 1.99
10 -8.00 1.36
11 -5.72 63.95

Fig. 3. Binding position of compound 1 in the binding site of Akt protein.
HBD and HBA are shown in red and blue, respectively.

In an attempt to understand the molecular mechanism
underlying the anticancer activity of compound 1, the
expression of Bax, Bcl-2, and p53 was examined by
Western blotting in HCT-116 cells that were more sensitive
to compound 1 compared to MCF-7 cells as inferred from
the MTT cell viability assay. HCT-116 cells were subjected
to various doses of compound 1 for 48 hours and results
are shown in Fig. 4. The densities of the proteins were
calculated and normalized to their corresponding p-actin
densities. Analysis of the Western blots revealed that
the expression of the pro-apoptotic proteins p53 and
Bax increased in a dose-dependent manner, while the
expression of the pro-survival protein Bcl-2 decreased. In
addition, it has been reported that apoptosis is dictated
by the ratio of pro- and anti-apoptotic proteins, rather
than just one Bcl-2 family member** In the current
report, the Bax/Bcl-2 ratio increased in a dose-dependent
manner, which can increase mitochondrial membrane
permeability and promote the release of cytochrome C
to activate pro-apoptotic caspases 3 and 9. Based on the
aforementioned results, it can be proposed that pyrimidine
derivative 1 exerted its cytotoxic activity through the p53-
dependent apoptotic pathway.

Cell cycle analysis

The mechanism underlying the antiproliferative action
of the pyrimidine derivative 1 was elucidated by examing
the different phases of the cell cycle using flow cytometry.
HCT-116 cells were treated with compound 1 at various
doses (25 and 50 uM), and the cells distribution in the G0/
GI, S, and G2/M phases was established. Interestingly,
compound 1 induced apoptosis in the cancer cells as
inferred by the increase in the proportion of apoptotic
cells from 35% in control cells to 56% and 80% in cells
treated with 25 and 50 pM of the test compound,
respectively. Cell cycle analysis revealed that treatment
with compound 1 increased the GO/G1 phase population,
while simultaneously decreasing the S and G2/M phases
populations in comparison to control cells (Fig. 5). Such
findings emphasized that compound 1 was capable of
inducing cell cycle arrest at the GO/G1 phase, ceasing
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Fig. 4. Western blot analysis of (A) Bax, (B) p53, and (C) Bcl-2 protein expression levels in control and treated HCT-116 cells. Results are presented as
average fold-change in protein level normalized to B-actin. Results are represented as mean + SEM. Statistically significant differences were inferred by

One-way ANOVA (* P < 0.05; ** P < 0.01; *** P < 0.001 versus control).

mitosis, and inhibiting cancer proliferation. Pyrimidine
derivatives are known to induce cell cycle arrest at the GO/
G1 phase.***® For example, Mahapatra et al showed that
several 2,4-disubstituted pyrimidine derivatives exerted
antiproliferative activity against several cancer cell lines by
arresting cells in the S phase and blocking the G2 phase.”
Their results are in agreement with the findings of the
current study where pyrimidine derivative 1 exerted its
anti-proliferative activity by disrupting the cell cycle and
activating pro-apoptotic mediators that induce apoptosis.

The over-activation of Akt in many tumors can lead to
the development of multidrug resistance by promoting
anti-apoptotic and/or survival pathways.* In fact, Akt
stimulates DNA synthesis, triggers mitotic entry, and
controls the formation of mitotic spindles.* Therefore, the
inhibition of Akt can efficiently sensitize cancerous cells
to chemotherapy by promoting mitotic cell apoptosis.*"**
The favorable binding interaction between pyrimidine
derivative 1 and Akt revealed by docking experiments
(Fig. 3) could have contributed to the inhibition of Akt
and the eventual enhancement of apoptosis as verified by
cell cycle analysis.

Anti-inflammatory activity

Inflammation is the natural response of the body to
tissue injury. The first committed step in the formation
of prostaglandins from arachidonic acid is catalyzed by

cyclooxygenase enzymes COX-1 and COX-2. During
inflammation, proinflammatory cytokines stimulate
the expression of COX-2 at inflammation site.”” The
metabolites of COX-2 have been intimately linked to
the induction of pain and inflammation.* In addition,
the overexpression of COX-2 was linked to the onset
and progression of cancer through the down-regulation
of apoptotic proteins leading to uncontrolled cell
proliferation and growth, metastasis, and angiogenesis.*
Therefore, the anti-inflammatory properties of the eleven
pyrimidine analogues was assessed by monitoring the
production of NO in RAW264.7 macrophage cells and
the expression levels of inflammatory biomarkers such as
COX-2 in LPS-stimulated THP-1 human monocytic cells
by Western blot analysis.

NO production

The exceptionally reactive, short-lived radical, NO, belongs
to the reactive oxygen species (ROS) class, and plays a
critical role in the pathogenesis of inflammation.* The
production of NO is controlled by a collection of highly
regulated enzymes called nitric oxide synthases (NOSs)
that catalyze the oxidation of L-arginine to L-citrulline
accompanied by NO release.”*® Excessive NO production
causes tissue damage and is implicated in several human
diseases including acute and chronic inflammations.
Therefore, serious efforts were dedicated recently to
discover novel substances as potential inhibitors of NOSs

Biolmpacts. 2024;14(2):27688 |7
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Fig. 5. Cell cycle analysis with different concentrations of compound 1 (25 and 50 pM) for 48 hours. Cells were labeled with PI for sorting by flow cytometry.
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to alleviate the generation of NO as a viable strategy for the
treatment of inflammatory disorders.*” Multiple research
teams explored some pyrimidine analogues as promising
NO production inhibitors.****-**

The present report evaluated the in vitro anti-
inflammatory activity of the eleven pyrimidine derivatives
using Griess assay that assesses the levels of NO production
as a biomarker of inflammation in cells. RAW264.7 cells
were exposed to the test molecules for 24 hours, and the
percent inhibition of NO production was determined and
plotted as a function of concentration as depicted in Fig.
6A.

Moderate-to-weak anti-inflammatory activity was
observed for most tested compounds. While compound 1
was the most active with 70% NO production inhibition,
other compounds such as 4 and 5 increased NO release.
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Interestingly, compound 1 displayed asignificantinhibitory
effect with IC_| of 29.94 + 2.24 uM, and 80% NO release
inhibition was achieved at a concentration of 75 uM (Fig.
6B). The NO production inhibition by pyrimidine-based
analogs is recurrent in literature. For example, a report by
Ma et al investigated the inhibitory potency of pyrimidine
dione analogues on NO production and identified nitro-
substituted analogues with prominent iNOS inhibition
activity and iNOS-mediated NO production.™

COX-2 protein expression

Cyclooxygenase-2 (COX-2), previously referred to as
prostaglandin endoperoxide H synthase-2 (PGHS-
2), catalyzes the committed step in the synthesis of
prostaglandin.® During inflammatory processes, the
expression of COX-2 is stimulated; therefore, monitoring
the levels of the COX-2 isozyme can serve as a viable
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Fig. 6. (A) Anti-inflammatory activity of pyrimidine derivatives 1-11 in RAW264.7 cells. The test analogues (25 uM) were added to the cells and NO production
inhibition was assessed by Griess assay. (B) NO production inhibition in cells treated with compound 1 at different doses. OD was measured at 24 hours and

compared to untreated cells (control). Data are represented as mean + SEM.
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indicator of inflammation. In an attempt to evaluate
the anti-inflammatory attributes of compound 1 and
the underlying molecular mechanism, Western blot
analysis was conducted where COX-2 expression levels
were monitored in LPS-stimulated THP-1 cells exposed
to various doses of the test compound (10, 25, 50 pM).
The corresponding blot is depicted in Fig. 7, where band
intensities were normalized with respect to the p-actin
protein.

Compound 1 resulted in a dose-dependent
downregulation of COX-2 expression, thus highlighting
the significant role that compound 1 can play in preventing
the progression of inflammation. Analysis of Western blots
suggested that compound 1 exerts its anti-inflammatory
activity by diminishing COX-2 expression rather than
inhibiting its action by binding to the active site. Several
studies demonstrated the anti-inflammatory action
of pyrimidine-based derivatives through intervention
with COX-2 expression or action. SAR studies indicated
that some of the prepared derivatives tolerated a
broad spectrum of electronically and sterically diverse
substituents. Many reports confirmed the potency of
bicyclic pyrazolopyrimidines analogs as selective COX-2
inhibitors. For example, Almansa and coworkers described
a novel series of pyrazolo[1,5-a]pyrimidines as selective
inhibitors of COX-2, and showed that 6,7-disubstituted
analogues were the most potent.”® Bakr and colleagues
prepared a series of 1-phenylpyrazolo[3,4-d]pyrimidine
derivatives that showed selective inhibition of COX-2 with
moderate to strong anti-inflammatory activity.” Tageldin
and coworkers showed that a series of pyrazolo[3,4-d]
pyrimidine-bearing thiazolidinone moiety exhibited
superior selective inhibition against COX-2 isozyme. The
authors identified some derivatives with prominent in vivo
anti-inflammatory characteristics in acute and chronic
models of inflammation with good gastrointestinal
safety profiles.”” Abd El Razik et al prepared a library
of pyrazolo[3,4-d]pyrimidine derivatives linked to

piperazine. Some of the tested compounds demonstrated
moderate selective inhibition of COX-2 expression in
LPS-activated rat monocytes.*

RT-qPCR

Pro-inflammatory cytokines, including TNF-a, IL-1p,
IL-6, and IL-8, play an essential role in the progression
of inflammatory diseases. The cascade of destructive
events is initiated by TNF-a and IL-1p by activating
the transcription factor NF-xB, which subsequently
activates several proinflammatory genes.” In specific,
TNF-a will induce the downstream up-regulation of
IL-1, IL-2, IL-6, IL-10, and IFN-y. Therefore, inhibiting
the expression of TNF-a presents an effective approach
to mitigate inflammation. In addition, chemokines
such as CXCL1 and CXCL2 secreted by mast cells and
macrophages were shown to act as chemoattractants for
the early recruitment of neutrophils from circulation into
inflamed tissues.®** CXCL3 is also known to contribute
towards recruiting CXCR2-positive neutrophils and
promotion of type 2 inflammation.* CCL2, also known
as monocyte chemoattractant protein 1 (MCP1), is
another inflammatory chemokine secreted by monocytic
cells in response to numerous inflammatory stimuli and
is believed to have a major role in monocyte infiltration
to tissues during inflammation.®® Therefore, monitoring
the expression levels of inflammatory cytokines and
chemokines can serve as a biomarker for inflammation
progression. In this study, the capacity of compound 1
to inhibit the expression of pro-inflammatory cytokines
was assessed by RT-qPCR. THP-1 cells pretreated with
compound 1 were stimulated by LPS, and the gene
expression of IL-6, IL-8, IL-1p, TNF-a, CCL2, CXCL1,
CXCL2, and CXCL3 was analyzed as depicted in Fig.
8. Analysis of the collected data revealed a substantial
and statistically significant decrease ranging between
50-80% in the gene expression of various cytokines and
chemokines.
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Fig. 7. Western blot analysis for the expression levels of COX-2 in control and LPS-stimulated THP-1 cells receiving three doses of compound 1. Results
are presented as average fold-change in protein level normalized to B-actin. Results are represented as mean + SEM. One-way ANOVA was used to assess
statistical significance (* P < 0.05; ** P < 0.01; *** P < 0.001 for LPS versus control, and compound 1 versus LPS).
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Mechanistically, it appears that the observed strong
anti-inflammatory effects of pyrimidine 1 are occuring
at the molecular level by diminishing the expression of
inflammation mediators and suppressing COX-2 levels
rather than inhibiting its activity. This was corroborated
by docking studies that did not yield relevant binding
interactions between compound 1 and COX-2 (data
not shown). Inhibiting/diminishing the expression and
generation of these potent mediators by compound 1
can control the progression of inflammation and cancer.
Besides its well-established role in inflammation, COX-2
plays a key role in tumorigenesis.®* The overexpression of
COX-2, which is frequently encountered in cancer tissues,
leads to massive production of its enzymatic product
prostaglandin E(2), which binds its receptors and activates
signaling pathways with consequent enhancement of
cellular proliferation, metastasis, and angiogenesis,
in addition to inhibiting apoptosis by inducing the
expression of anti-apoptotic/pro-survival Bcl-2 gene.®>%
In this context, compound 1 displaying a potent anti-
inflammatory activity along with anti-proliferative
activity against cancer cells could represent a novel cancer
therapeutic drug. Although the exact mechanism of action
of compound 1 is yet to be fully elucidated, the findings
of the present study advocated that the observed anti-
inflammatory activity could be mediated through the NF-
kB pathway, because the latter is responsible for regulating
the expression of all inflammatory mediators. In addition,
compound 1 was shown to display good binding affinity
to Akt protein, which is known to act through the NF-«xB
pathway as well, suggesting that its mode of action may
rather involve a combination of Akt and NF-«xB pathways.

Several studies demonstrated a connection between
chronic inflammation and the progression of cancer.®”*
In specific, the role of the PI3K/Akt signaling pathway

in stimulating cell growth and regulating inflammatory
reactions is well established. By controlling the activity
of downstream targets, the PI3K signaling pathway
influences the release of pro-inflammatory cytokines
from innate immune system cells. IkB kinase IKK-a
can be phosphorylated and activated by Akt, leading to
breakdown of IkB and nuclear translocation of NF-«B.
This will stimulate the expression of pro-inflammatory
cytokines and accelerate inflammatory responses.” In
addition, the activation of eNOS is mediated by the
serine/threonine protein kinase Akt/PKB, causing an
increase in NO generation. Inhibiting the PI3K/Akt
pathway or mutating serine 1177 in the Akt site on eNOS
protein reduces serine phosphorylation and precludes
eNOS activation.” Pro-inflammatory cytokines play a
crucial function in cell motility and adhesion as well
as macrophage adhesion.”” It has been reported that
reducing the numbers of infiltrating mast cells constituted
an intriguing therapeutic strategy for the treatment of
inflammatory diseases and cancer. As a matter of fact,
blocking inflammatory mediators (such as CCL2 and
CXCR2) that facilitate the recruitment of mast cell
progenitors lead to potent anti-tumor effect.”>”

Conclusion

The current study evaluated eleven pyrimidine derivatives
as putative therapeutic agents for the treatment of human
colorectal and breast cancers, as well as inflammation.
The molecular properties and drug-likeness attributes
of the molecules were projected by MolSoft software.
While all molecules displayed good oral bioavailability,
the drug-likeness score was not optimal. Among the
tested molecules, compound 1 demonstrated good in
vitro inhibitory activity on the proliferation of MCF-7
breast and HCT-116 colon cancer cells, and induced cell
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Research Highlights

What is the current knowledge?

v Clinical chemotherapy is dampened by multidrug resistance
and the poor physicochemical properties of commercial
drugs.

 The pyrimidine nucleus represents an important scaffold
for the discovery of new therapeutics.

What is new here?

V Pyrimidine derivatives were studied for anticancer and
anti-inflammatory  properties.

v The tested compounds were predicted to have good overall
physicochemical parameters.

Y Compound 1 activated the apoptosis cascade and arrested
the cell cycle at GO/G1 phase.

v Compound 1 inhibited NO release and down-regulating
COX-2 expression.

Y Compound 1 decreased the gene expression of proinflammatory
cytokines and chemokines.

cycle arrest at the GO/G1 phase. The antiproliferative
activity was mediated, at least in part, by a p53-induced
downregulation of Akt, supported by the enhanced
expression of the pro-apoptotic proteins p53 and Bax,
and the decrease in pro-survival protein Bcl-2 expression.
When tested for anti-inflammatory activity, compound
1 exhibited a significant reduction in NO release by
LPS-stimulated RAW264.7 cells. The reduction in the
expression levels of inflaimmatory mediators such as
COX-2 and proinflammatory cytokines and chemokines
may have contributed to the observed activity. Despite
the encouraging results, future studies should investigate
the efficacy of a broader group of substituents on the
pyrimidines scaffold with different electronic and steric
properties, and elucidate the molecular mechanisms by
which these compounds exhibit their effect.
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