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Abstract

The canonical NF-«B pathway is a major regulator of inflammatory responses, and its
persistent activation has been linked to chronic inflammatory diseases and cancer develop-
ment. It is therefore important to develop effective NF-«B inhibitors that can potentially be
utilized in further preclinical studies. In this study, we have synthesized various quinazoli-
none compounds using novel methodologies. We specifically utilized a two-step protocol
comparing an established protocol to a modified alternative procedure and then success-
fully established a novel one-pot multi-component reaction. All quinazolinones were tested
based on their capacity to inhibit tumor necrosis factor-induced NF-kB activation using a
commercial transgenic HeLa reporter cell-line. Among the eighteen molecules tested, two
compounds affected the NF-kB-dependent luciferase activity, the 50 (3-amino-6-hydroxy-
2-methylquinazolin-4(3H)-one) and 10 (N-(6-bromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-
4-nitrobenzamide). Only the 50 though, bearing OH at R! (6 position), attenuated the
production of pro-inflammatory interleukin 6 in lipopolysaccharide-stimulated human pri-
mary macrophage cultures. Molecular docking analysis provides supportive computational
evidence that 50 could interact with the p65/DNA complex and therefore could potentially
be developed for further studies that aim to inhibit the canonical NF-«B pathway.

Keywords: NF-«B; inflammation; 3-amino-2-methylquinazolinone; transcription

1. Introduction

The 4(3H)quinazolinone frame is a nitrogen-rich heterocyclic scaffold consisting of
an oxidized quinazoline ring and a ketone group [1]. It is ubiquitous in nature, partic-
ularly forming the core structure of numerous naturally occurring alkaloids found in
plants, animals, and microbes [2,3]. Quinazolinones are classified according to the posi-
tion of their oxo group to three types: 4(3H)quinazolinone (Ia), 2(1H)quinazolinone (II)
and 2,4(1H,3H)quinazoline-dione (III); see Figure 1. From a chemical point of view, all
quinazolinones can be derivatized at the aromatic ring (positions 5-8), whereas for I and
II, these structures might be additionally substituted at positions 2 or 4, respectively. NH
groups might be found substituted in all quinazolinones, whereas tautomerization with
the carbonyl gives possibilities for further functionalization. More specifically for frame
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I—which is the targeted scaffold in this study—compounds Ib, 2-methyl-4(3H) quinazoli-
nones, possess capacity for additional reactivity towards electrophiles and oxidizers on the
methyl group, due to neighboring assisted activation. Therefore, the biological importance
of both natural and synthetic derivatives of 4(3H)quinazolinones (I) (referred to as “QNZ’
from here on) renders them among the “privileged” medicinal motifs [4,5].
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Figure 1. Types of quinazolinones: 4(3H)quinazolinone (Ia), 2-methyl-4(3H) quinazoli-
nones (Ib), 2-aryl-4(3H)quinazolinones (Ic), 3-aryl-4(3H)quinazolinones (Id), 3-amino-2-methyl-
4(3H)quinazolinones (Ie), 2(1H)quinazolinone (II) and 2,4(1H,3H)quinazoline-dione (III). Structures
are given in their simplest non-substituted forms.

A key advantage in QNZ (I) synthesis is that it requires only inexpensive, commercially
available reagents such as o-amino-benzonitriles, substituted anthranilic acids or esters,
benzamides, and o-halo-benzoic acids. In addition, there are relatively easy ways to
synthesize such frames, including conventional synthesis [6], organocatalytic or solid acid
catalyzed approaches [7,8], as well as green chemistry microwave-assisted [9-12] and
light-mediated [13,14] syntheses. In terms of synthetic utility, aryl substituents at 2- and
3- positions of QNZs are key structural domains to facilitate C-H functionalization and
annulation (Figure 1, Ic and Id, respectively) [15]. Finally, 3—-amino—2-methyl-QNZs, the
compounds of interest herein (Figure 1, Ie) are considered a synthon, an “intermediate
compound” that allows a variety of groups, such as aromatic and heteroaromatic moieties,
to be linked or attached on the quinazolinone heterocyclic ring, usually in the form of a
Schiff base or an amide.

3-amino-substituted QNZs and derivatives thereof (Figure 1, Ie, Rl = any, R2 =NH, or
NR'R”) have, among others, antitumor [16,17] and anti-inflammatory activities [18,19] and
these functions are shown to be facilitated by inhibition of pathways important for cancer
development, such as the DNA-repair enzyme WRN (Werner syndrome) helicase [20], the
VEGEFR?2 (Vascular Endothelial Growth Factor Receptor 2) pathway that promotes angiogen-
esis [21], or the canonical (classical) NF-kB pathway that drives the inflammatory responses
of immune cells [22]. The NF-«B family of transcription factor protein complexes consists
of five member subunits, p105/p50, RelA(p65), c-Rel, p100/p52, and Rel-B that form homo-
and heterodimers [23]. The predominant NF-«B transcription factor dimer combination
involved in canonical pro-inflammatory signaling is the p50:Rel A(p65) heterodimer [24].
Dysregulated, constitutive activation of the NF-«B pathway has been observed in chronic in-
flammatory diseases, such as inflammatory bowel disease and rheumatoid arthritis [25,26].
Moreover, activation of this pathway correlates with various aspects of cancer develop-
ment, including tumor cell proliferation and survival, metastasis, tumor angiogenesis, and
resistance to therapy [27,28]. Each can be attributed to transcriptional regulation of specific
NF-«B target genes, such as PTGS2 encoding cyclooxygenase-2 (COX-2) [29], IL1B and
IL6 encoding inflammatory cytokines interleukin 1 (IL-1) [30], and interleukin 6 (IL-6),
respectively [31], and key anti-apoptotic genes encoding B-cell lymphoma-2 (Bcl-2) and
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inhibitor of apoptosis (IAP) family proteins, whose overexpression can prevent tumor
cells from undergoing programmed cell death and cell cycle progression [32]. Other key
regulated NF-«B specific transcripts include CCND1 (cyclin D1) and ¢-MYC (regulatory
proto-oncogene c-Myc), that can drive uncontrolled tumor cell proliferation and resistance
to apoptosis [33]. Therefore, NF-«B is considered an attractive target when designing and
developing pharmaceutical drugs based on structures such as quinazolinones and their
derivatives [22,34]. We recently identified a novel quinoline molecule (a heterocyclic aro-
matic nitrogen compound characterized by a double-ring structure consisting of a benzene
ring fused to a pyridine ring at adjacent carbon atoms [35]) as having inhibitory activity
for the canonical NF-«kB pathway [36]. Using a commercial transgenic HeLa cell-line as an
NEF-«B activation reporter, this novel quinoline, Q3, inhibited NF-«B-induced luciferase,
without impacting on cell survival [36].

In this study, we have synthesized 3-amino-2-methyl QNZ compounds via a two-
step protocol and then successfully established a novel one-pot multi-component reaction.
Several amide derivatives were also synthesized, supporting comparison studies for the
role of the free amine on the QNZ scaffold. We then evaluated the in vitro activity of the
new compounds as modifiers of the canonical NF-«kB pathway, utilizing a human epithelial
reporter cell-line, HeLa/NF-«B Luc. We showed that two specific quinazolinones (50
and 10) could inhibit NF-kB-regulated luciferase activity, but only one of these (50) had a
significant biological impact, inhibiting the production of the pro-inflammatory IL-6 from
human primary macrophage cultures. Moreover, in silico analysis supported that this
quinazolinone could potentially interfere with the DNA-binding activity of the p65/NF-«xB
transcription factor.

2. Results
2.1. Synthesis of 3-Amino-2-methyl QNZs

The synthesis of the compounds used in this study was based on the modification of a
previously described protocol performed under microwave irradiation (MW) [12]. As the
combined yields in that particular protocol were low, instead of using MW, we designed and
performed an alternative two-step procedure using an autoclave with conventional heating,
first in acetic anhydride (AcyO) and then in acetic acid (AcOH). Specifically, anthranilic
acids 1a—o were each mixed with Ac,O (2) to form the related benzoxazinones 3a-o upon
heating in an autoclave at 120 °C for 20 min (Figure 2). Solid material that formed upon
cooling of the reaction mixture was filtrated, washed with petroleum ether, subsequently
mixed with hydrazine monohydrate (NH,NHy, 4) in AcOH, and heated in an autoclave at
150 °C for 30-60 min to give 5a—o0 in moderate-to-high yields over two steps, a significant
improvement compared to the MW method; see Table 1.

NH,-NH, (4)
0 O  AcOH 0
120 °C R? 150 °C,
OH 2O 20 min O  30-60 min
+ C2 > P >
NH, R2 N)\
R3
3a-o

Figure 2. Two-step procedure for the synthesis of 3NH;-2methylquinazolinones 5a—o in an autoclave.
Numbers outside the structure indicate the numbering of the quinazolinone nucleus.
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Table 1. Composition of compounds 1, 3, and 5 as far as R!, RZ, and R3 is concerned. Yields (%) of
product 5 from the two-step autoclave procedure, the two-step microwave (MW) irradiation-assisted
procedure (as per [12]), and the one-pot MW procedure.

135 R R2 R3 Two-Step Autoclave Two-Step MW ORZ;,{’,M
i T 5 (%) 5 (%)
5 (%)
a R'=R?=R3=H 52 35 62
b R'=CH3 R*=R*=H 57 31 83
c R'=F,R*=R*=H 66 51 74
d R!'=H,R’=ER’=H 64 np np
e R'=ClL,R*=R*=H 71 50 80
f R'=H,R>=CLR*=H 67 40 77
g R'=Br,R?=R3=H 82 70 86
h R!'=H,R?>=Br,R*=H 85 np np
i R!'=Br,R2=H, R® = Br 89 85 np
j R'=I,R?=R*=H 72 63 78
k R'=NO2, R*=R*=H 85 85 No reaction
1 R!=H,R2=NO,,R®*=H 70 48 No reaction
m R'=OCH; R>=R3=H 81 np np
n Rl'= OCH;, R2 = OCHj3,R3 =H 83 np np
0 R'=OH,R*=R*=H 58 32 73
np: not performed. The bold text indicates the substituent changes from compound a as far as R, R?, and R3
is concerned.

We recently reported a one-pot four-component reaction for the synthesis, with very
good yields of 2-methyl-3-hydroxyquinazolinone derivatives, upon mixing of anthranilic
acid, triethylorthoacetate, hydroxylamine hydrochloride, and pyridine [11]. It was rea-
sonable to adopt the same methodology with hydrazine as an alternative nucleophile.
Therefore, we attempted and successfully established a novel one-pot procedure by simply
mixing all components 1, 4, and 6 (CH3C(OEt)3; triethyl orthoacetate) to receive compound
5 in good-to-high yields, as shown in Figure 3. Nitro derivatives 5k,1 were reluctant to react,
as in the case of 3-hydroxy related reactions [11]. Nevertheless, the yields of the products
for the rest of the performed reactions increased by 4 to 25%.

i 5076, M i
1 ; 1
i OH 60-90min " ik
=2 NH, + CHsC(OEt); * H,N—NH, ———> - \ /)\
3

Figure 3. One-pot procedure for the synthesis of 3-NH;-2-methylquinazolinones 5a—o under mi-
crowave (MW) irradiation-assisted procedure.

The composition of compounds 1, 3, and 5 regarding R!, R?, and R> as well as com-
parison of the % yields of product 5 between the two-step (autoclave and microwave
irradiation) and one-pot microwave-assisted procedures is shown in Table 1.

Evaluation of the importance of the free NH, group in the activity of the compounds
5a—o0 towards NF-«B was clarified by testing four derivatives of the bromo compound
5g bearing benzoyl residues with various substituents, the quinazolinone amide 7-10,
previously prepared [12] (shown in Figure 4).
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Figure 4. Structures of benzoylated derivatives 7-10 of 3-amino-5-bromo-2-methylquinazolinone 5g.
The blue font color indicates derivatization on the free amino group of 5g. The green color is used to
identify the different substituents on the aromatic group.

2.2. Impact of Quinazolinones on HeLa/NF-kB Luc Cell Survival

We initially examined whether the compounds had adverse side effects, such as
reducing viability /survival of the HeLa/NF-kB Luc cells. For this, cell cultures were
incubated in the absence or presence of 10 uM of each compound for 24 h, followed by
propidium iodide viability staining, as described under Materials and Methods. Control
cultures were incubated in the presence of the same dilution of dimethyl sulfoxide (DMSO).
As shown in Figure 5, none of the compounds had any significant impact on cell viability
for the duration of the incubation.

Survival
150 o
_ ®
= o
- °®
= 1004 o ° oo o
: (8850 : 2408
LIRS 2427 ! :
E ¢ )
T 504 8 o
s ®
&

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
OPPEPEDRP DD D PP N PO
Q

Figure 5. Impact of synthesised quinazolinones of HeLa/NF-kB Luc reporter cell viability. Cells were
incubated for 24 h in the absence or presence of 10 uM of each compound, or vehicle control (DMSO
at 1:10,000 dilution), followed by propidium iodide staining and detection by flow cytometry. Data
represents mean £ SD (N = 4-8). One-way ANOVA was performed, and no signficant differences
were observed. DMSO, dimethyl sulfoxide; % MFI, percentage mean fluorescence intensity.
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2.3. Specific Quinazonolinones Inhibit NF-xB Activation in TNF-Induced HeLa/NF-xB-Luc Cells

To test the effect of each of the synthesized QNZ compounds on the HeLa/NF-«B-Luc
reporter assay, cell cultures were pre-incubated in the presence of each compound alone,
at 10 uM for 30 min, followed by a 3 h incubation and luciferase measured as previously
reported [36]. The final concentration of the QNZ compounds was selected as 10 uM, a
1:10,000 dilution of the stock solution (100 mM in DMSO), based on previous experiments
that established that DMSO at this dilution did not have any impact on the luciferase
assay outcome [36]. Among the QNZ compounds tested alone, only 5d, 5f, and 5n had a
significant impact on the luciferase assay compared to vehicle-treated controls; all three
compounds p < 0.001, one-way ANOVA (Figure 6A). These three compounds were therefore
excluded from subsequent experiments utilizing TNF as the stimulus of the canonical NF-
kB signaling. The effect of the rest of the QNZs on NF-«kB activation in HeLa/NF-kB-Luc
cell cultures was examined after preincubation for 30 min with 10 pM compound, followed
by treatment with 20 ng/mL TNF for 3 h. At the end of the stimulation, the cultures were
processed for measurement of luciferase activity. Of the QNZ compounds tested, only 50
and 10 demonstrated statistically significant inhibition of TNF-induced NF-kB-regulated
luciferase expression, by approximately 50% compared to vehicle-pre-treated cells treated
with TNF (both compounds p < 0.001; one-way ANOVA); see Figure 6B.

Given IL-6 is a known target of the canonical NF-«B pathway, the biological activity
of QNZ compounds 50 and 10 observed in relation to NF-«B activation in the luciferase
reporter assay was further tested for ability to attenuate LPS-induced IL-6 production by
human primary macrophages. QNZ compound, 5k, that was seen to be ineffective in
blocking TNF-induced NF-kB activation in the luciferase assay was also included as a neg-
ative control (Figure 6B). Peripheral blood mononuclear cell (PBMC)-derived macrophage
cultures from healthy donors were each incubated in the presence of 10 uM of the three
selected QNZ compounds (5k, 50, and 10) for 30 min and then stimulated with 100 ng/mL
of LPS for 24 h. The culture medium was harvested for quantification of IL-6 by ELISA.
LPS significantly induced production of IL-6 from human primary macrophage cultures
compared to unstimulated controls (p < 0.0001); see Figure 7. Among the synthesized
QNZ compounds tested, only 50 significantly attenuated LPS-induced production of IL-6
from macrophages (7.4006 =+ 3.3322 ng IL-6/mg protein) compared to vehicle pre-treated,
LPS-stimulated controls (7.8539 &+ 3.2079 ng IL-6/mg protein); p < 0.05 (Figure 7).

2.4. Molecular Docking Analysis

To test the possibility that the identified bioactive QNZ compounds exert their effects
by directly interfering with NF-«B itself or the whole protein-DNA complex, we proceeded
with molecular docking studies to examine the plausibility of this hypothesis and to
potentially reveal a mechanism that explains their observed actions in vitro. Molecular
docking calculates the binding energy (AG) of a ligand to its target. The more negative the
binding energy, the stronger the binding. We therefore analyzed possible interactions for
active QNZ compounds 50 and 10. The top ten binding energies obtained from the docking
experiments, indicating the strongest molecular interactions, are shown in Table 2. Both 50
and 10 showed good binding energies, with lower values for the whole p65/NF-«kB-DNA
complex compared to p65/NF-«B alone.
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Figure 6. Impact of compounds on NF-«kB-regulated luciferase activity in HeLa/NF-«B-Luc cells.
(A) Cultures were pre-incubated with 10 uM of each QNZ compound and were either left unstim-
ulated for 3 h, or (B) were stimulated with 20 ng/mL TNF for 3 h. At the end of experiment the
luciferase activity was measured. Data are expressed as mean =+ SD, and representative of N = 3 inde-
pendent experiments (where replicates were n = 5 for DMSO controls, and n = 3 for TNF and QNZs).
One-way ANOVA was performed, followed by Tukey’s post hoc multiple pairwise comparisons of
treatment means. Significant differences observed, *** p < 0.001 and **** p < 0.0001.
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Figure 7. QNZ compound 50 inhibits production of IL-6 from in vitro cultured human primary
macrophages. Peripheral blood mononuclear cell (PBMC)-derived macrophages from 6 healthy
donors, were cultured in duplicates and incubated in the absence or presence of 10 uM of specific
QNZ compounds (5k, 50 and 10) for 30 min. Cultures were then stimulated with 100 ng/mL LPS alone
or in the presence of QNZ compunds for 24 h (black closed circles). Unstimulated PBMC-derived
macrophages (open circles) and LPS alone received DMSO vehicle (1:10,000 dilution). IL-6 levels
were detected in the culture medium. Comparisons of treatment means vs. LPS alone, signifcant
differences shown * p < 0.05 (Mann—-Whitney U test, corrected for number of comparisons made).

Table 2. Binding energies (kcal/mol) of quinazolinones 50 and 10 with p65/NF-kB and p65/NF-«kB-
DNA complex.

50 + >0 + 10 + 10+
p65/NF-kB p65/NF-kB-DNA p65/NF-kB p65/NF-kB-DNA
Complex Complex

—-5.72 —7.27 —7.69 —114
—-5.71 —7.25 —7.33 —11.35
—5.63 —-7.17 —7.3 —11.3
—5.62 —6.63 —7.28 —11.26
—5.54 —6.61 —7.06 —11.07
—5.53 —6.57 —6.99 —10.73
—5.42 —6.48 —6.65 —10.19
-5.29 —6.48 —-6.5 -9.81
—4.78 —6.38 —6.09 -9.7
—4.41 —6.37 —-5.96 —9.63

3. Discussion

In this study, we aimed to synthesize 3-amino-2-methylquinazolin-4(3H)one molecules
with potential anti-inflammatory activity, using a two-step protocol that was a modification
of a previous protocol where microwave irradiation had been utilized [12]. In that respect,
an autoclave and a different solvent for the second step were used, as compared to the
previous microwave-assisted procedure. In addition, a new one-pot multicomponent
reaction was also successfully established. The synthesis of benzoxazinones (3) in an
autoclave was superior to the thermal one [11] and comparable to the one under microwave
irradiation conditions, based, at least, on the reaction time. The yield of the final compounds
5a—o0 generated by the two-step procedure in the autoclave seemed to give much better
results for most of the products. Nevertheless, for the autoclave method, the reaction time
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should be doubled and the ethanol should be replaced by AcOH, compared to the previous
microwave irradiation protocol [12]. Doubling the time for the second step, while increasing
the total yield, seems to keep the efficiency of the autoclave procedure comparatively high.

The fact that our team has proposed an operative one-pot synthesis of 3-OH-2-
methylquinazolinones [11] has prompted us to attempt a reaction for the one-pot synthesis
of 3-NHj-2-methylquinazolinones (5), simply by exchanging NH,OH to NH,NH),, respec-
tively. Attempting representative examples, it seems that triethyl orthoacetate (CH3C(OEt)s,
6) replaced sufficiently Ac,O (2) in the reaction. In addition, although benzoxazinones (3)
were used in the second step without any further purification, avoiding their isolation—
which is associated with inevitable loss due to handling—has increased the yield of the
desired products 5 from 4 to 25%, with 5b exhibiting the best improvement in yield. As
for compounds 5k and 51, the existence of the high electron-withdrawing effect of NO,
group at a p-position to the NH, of the anthranilic acids did not allow the reaction to
proceed to the synthesis of quinazolinones, as has been observed also for the related 3-OH
quinazolinones. Nevertheless, the two-step reaction was proved quite efficient.

The biological activity of the new compounds was tested on their ability to affect the
activation of the canonical NF-«B pathway using a commercial HeLa/NF-kB Luc reporter
cell line. Among the QNZ compounds tested, 5d, 5f, and 5n were observed to induce a
luminescence signal, and, given this action, they were omitted from further investigations
examining QNZ impact on ligand (TNF)-induced HeLa/NF-kB Luc cell activation. If
one considers structural and electronic effects, it seems at first glance that occupation of
position 7 of the QNZ scaffold is responsible for the QNZ-induced luminescence response.
Nevertheless, derivatives 5h and 51 have their substituents (Br) and (NO,) also attached
to position 7 of the nucleus and they did not show this interference in the luminescence
assay. Br is less electronegative than both F and Cl, but significantly bulkier (larger atomic
radius). This bulking effect might be an explanation for the observed differences in activity
of 5h compared to 5d and 5f, despite all bearing a halogen at position 7. On the other
hand, if electronegativity was the only phenomenon of consideration, compound 51 (7-NO,)
should be on the list of compounds that induce a luminescence signal in the absence of
ligand-induced cell activation, and 5n (7-OMe) should not, as NO; exhibits a strong —-R
and OMe a strong +R conjugation effect, respectively. Based on the above points, it is to
be concluded that strong electron-withdrawing effects (-1, -R of the nitro group) do not
induce luminescence without cell activation, and likewise, bulkiness of the substituent (Br)
in position 7.

Among all the quinazolinones tested, only the 50 (3-amino-6-hydroxy-2-methylquinazolin-
4(3H)-one) and 10 (N-(6-bromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-4-nitrobenzamide) demon-
strated significant attenuation of TNF-induced NF-«B-regulated luciferase expression,
with 50 showing further biological importance through its ability to reduce production
of pro-inflammatory cytokine IL-6 from human primary macrophage cultures. As far as
NEF-«kB-regulated luciferase activity is concerned, a structure activity relationship cannot
be attempted between 50 and 10, because 50 is compared with all derivatives bearing
substituents on the aromatic nucleus of QNZ (positions 5-8), while keeping the amino
group intact on the right part of the molecule. Importantly, a quinazolinone bearing OH
at R! (6 position), such as compound 50, confers blockade of NF-«B activity. It seems that
nitro groups of derivatives 51, 5m with the strong —I and —-R withdrawing inductive and
resonance effects, might be the reason for the reduced activity. As F, Cl, Br, I, OMe, and
OH substituents (in QNZ compounds 5¢, 5e, 5g, 5j, 5m and 50, respectively) induce (with
differentiations) all -I inductive and +R resonance effects, only 50 is active. That means
that the hydrogen bond capacity of 5o is crucial for the inhibitory effect. In addition, as 50
is very closely related to 5m (OH versus OMe, respectively) the conclusion of the necessity
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of hydrogen bonding is strengthened. This type of interaction has been reported previously
in relation to NF-kB inhibition by green tea catechins [37] and curcumin [38]. Synthesized
QNZ compound 10, however, probably opens new roads for the substitution on the 3-amino
group. It is obvious that insertion of the p-NO;-Ph group to 5g transforms the non-active
5g derivative into an active one (10). It might be concluded that derivatization of the most
potent QNZ compound 50 towards amidation of position 3 is worthy, and this will be our
future attempt. This is also supported by molecular docking studies, which show a high
increase in the binding capacity of QNZ compound 10 to the NF-kB-DNA complex. Our
study has identified a potential inhibitor of the canonical NF-kB pathway. Nevertheless,
the biological assays presented here that demonstrate this promising activity are limited
and future studies utilizing alternative cellular or whole animal models, as well as direct
biochemical and molecular experiments, to provide complementary mechanistic insight
will be beneficial and substantially increase the impact of this work.

4. Materials and Methods
4.1. Quinazolinones

The novel quinazolinones were synthesized as part of this study in the Laboratory of
Organic Chemistry, Department of Chemistry, Aristotle University of Thessaloniki, Greece.
All compound stock solutions were solubilized in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, Poole, UK) to a final concentration of 100 mM and stored at room temperature.

4.1.1. General Methods

The reagents used in this study were anthranilic acids 1a-o (Fluorochem Ltd.; Hadfield,
UK), NH,NH,; (Merck; Darmstadt, Germany), AcOH (Fluka/Fisher Scientific; Loughbor-
ough, UK), and CH3C(OEt); (ThermoFisher Scientific; Waltham, MA, USA). The nuclear
magnetic resonance (NMR) spectra were recorded on an Agilent 500/54 (500 MHz and
125 MHz for 'H and 3C, respectively) spectrometer (Agilent Technologies; Santa Clara,
CA, USA) using deuterated chloroform (CDCl3) and/or hexadeuterodimethyl sulfoxide
(DMSO-dg) as solvent (Fluorochem Ltd.). ] values are reported in Hz. Microwave irra-
diation experiments were performed on a scientific focused microwave reactor (Biotage
Initiator 2.0—Biotage AB; Uppsala, Sweden). All reactions were monitored on commer-
cially available pre-coated thin layer chromatography (TLC) plates (layer thickness of
0.25 mm; Kieselgel 60 F254—Merck; Darmstadt, Germany). The calculation of the yields
was based on the amount of the directly crystallized product or after purification (when
needed) and recrystallization. The melting points were measured with a Gallenkamp
MFB-595 melting point apparatus (Gallenkamp; Cambridge, UK) and are uncorrected. All
3-amino-2-methylquinazolinones 5a—0 were known and their data were compared with the
ones given in the literature.

4.1.2. Two-Step Synthesis of 3-Amino-2-methylquinazolinones

Step A. Synthesis of benzoxazinones 3a-o0: Commercially available anthranilic acids
(1 mmol) 1a-o reacted in Ac;O 2 (0.5 M) in an autoclave at 120 °C for 20 min to give
the corresponding benzoxazinones 3a-o which were obtained upon cooling from the
reaction mixture by filtration. The filtrate was washed with petroleum ether and dried
under vacuum.

Step B. Synthesis of quinazolinones 5a-0: Benzoxazinones 3a—o were then dissolved
in AcOH (0.5-1 mL) where NH,NH,-H,O (4) (2 mol equiv.) was added and the mixture
was heated in an autoclave, at 150 °C for 30-60 min. Water was added (1 mL) to increase
product precipitation. The solid formation was filtrated, washed with water, dried, and
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recrystallized from the proper solvent. Column chromatography was needed only in case
of nitro derivatives 5k,l.

4.1.3. One-Pot Synthesis of 3-Amino-2-methylquinazolinones

General Procedure: Anthranilic acids 1 were individually dissolved in AcOH (0.5 mL)
and CH3C(OEt)s (6) (2 mol equiv.), and NH,NH,-H,O (4) (2 mol equiv.) were added. The
mixtures were microwave irradiated at 150 °C for 60-90 min. Upon cooling of the reaction
mixture, water was added (1 mL) and the precipitate formed was filtrated, washed with
water, and dried under vacuum. Recrystallization provided the purified product.

4.2. Data of Compounds

'H and 3C-NMR spectra of compounds 5d, 5h, 5m, and 5n are provided in Supporting
Information. 'H NMR spectra are provided for all compounds synthesized with the two-
step new method. When no reference is provided, data of compounds were compared to
those provided in [12].

3-amino-2-methylquinazolin-4(3H)-one (5a): One-pot MW reaction time (rt): 75 min;
Two-Step Synthesis, Step B rt: 30 min: IH-NMR (CDCls, 500 MHz): § (ppm) 8.19 (d,
J=7.6Hz, 1H),7.70 (t,] =7.1 Hz, 1H),7.61 (d, ] =7.7 Hz, 1H), 742 (t,] =7.1 Hz, 1H) 4.92 (s,
2H), 2.69 (s, 3H).

3-amino-2,6-dimethylquinazolin-4(3H)-one (5b): One-pot MW rt: 75 min; Two-Step
Synthesis, Step B rt: 60 min: 'H-NMR (DMSO-d6, 500 MHz): § (ppm) 7.89 (s, 1H, Hs), 7.61
(dd, J=7.8,1.8 Hz, 1H, Hy), 7.50 (d, | = 7.8 Hz, 1H, Hg), 5.70 (very broad singlet, 2H, NH,),
2.56 (s, 3H, CH3), 2.44 (s, 3H, CHs).

3-amino-6-fluoro-2-methylquinazolin-4(3H)-one (5¢): One-pot MW rt: 75 min; Two-
Step Synthesis, Step B rt: 45 min: H-NMR (DMSO-d6, 500 MHz): § (ppm)7.76 (d, ] = 8.1 Hz,
1H, Hy), 7.68-7.63 (m, 2H, H;, Hg), 5.82 (s, 2H, NH;), 2.57 (s, 3H, CH3).

3-amino-7-fluoro-2-methylquinazolin-4(3H)-one (5d) [39]: Two-Step Synthesis, Step
B rt: 45 min. 'H-NMR (CDCl;, 300 MHz): & (ppm) 8.21 (dd, *Juy = 8.9, *Jur = 6.1
Hz, 1H, H;), 7.26 (dd, 3Jyr = 9.8 Hz, 4Jyy = 2.5 Hz, 1H, Hg), 7.14 (ddd, 3Jyr = 8.4,
3Thn = 8.4, *yn = 2.5 Hz, 1H, Hy), 4.87 (s, 2H, NH,), 2.69 (s, 3H, CH3); *C NMR (CDCl3,
75 MHz): § (ppm) 166.4 (d, }Jcr = 252.3 Hz), 160.9, 156.8, 149.0 (d, 3Jcr = 13.1 Hz), 129.2 (d,
3Tcr =10.7 Hz), 116.8, 115.3 (d, ?Jcr = 23.5 Hz), 112.2 (d, ?Jcr = 21.9 Hz), 22.3.

3-amino-6-chloro-2-methylquinazolin-4(3H)-one (5e): One-pot MW rt: 75 min;
Two-Step Synthesis, Step B rt: 45 min. TH-NMR (DMSO-d6, 300 MHz): ¢ (ppm) 8.01
(s, 1H, Hs), 7.78 (dd, | = 8.6, 2.2 Hz, 1H, Hy), 7.60 (d, | = 8.70 Hz, 1H, Hs), 5.83 (s, 2H, NH,),
2.57 (s, 3H, CHg).

3-amino-7-chloro-2-methylquinazolin-4(3H)-one (5f): One-pot MW rt: 75 min; Two-
Step Synthesis, Step B rt: 60 min: 'H-NMR (DMSO-d6, 300 MHz): § (ppm) 8.07 (d,
] = 8.55 Hz, 1H, Hs), 7.63 (s, 1H, Hg), 7.49 (dd, ] = 8.5, 1.4 Hz, 1H, Hy), 5.80 (s, 2H, NH,),
2.57 (s, 3H, CHaj).

3-amino-6-bromo-2-methylquinazolin-4(3H)-one (5g): One-pot MW rt: 90 min; Two-
Step Synthesis, Step B rt: 60 min. TH-NMR (DMSO-d6, 300 MHz): ¢ (ppm) 8.15(d, ] = 3.9 Hz,
1H, Hs), 7.88 (dd, ] = 8.7 Hz, 2.3 Hz, 1H, Hy), 7.53 (d, ] = 8.7, 1H, Hg), 5.82 (s, 2H, NHy),
2.55 (s, 3H, CHj).

3-amino-7-bromo-2-methylquinazolin-4(3H)-one (5h) [40]: Two-Step Synthesis, Step B
rt. 'H-NMR (CDClg, 300 MHz): § (ppm) 8.01 (d, ] = 8.5 Hz, 1H, Hs), 7.77 (s, 1H, Hg), 7.50
(d, ] = 8.5 Hz, 1H, Hy), 4.89 (s, 2H, NH,), 2.68 (s, 3H, CH3); 3C-NMR (CDCl3, 75 MHz): §
(ppm) 161.1, 156.8, 147.9, 129.7,129.0, 127.9, 118.8, 22.3.
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3-amino-6,8-dibromo-2-methylquinazolin-4(3H)-one (5i): Two-Step Synthesis, Step B
rt. 'TH-NMR (DMSO-d6, 300 MHz): § (ppm) 8.27 (s, 1H, Hs), 8.14 (d, 1H, Hy), 5.87 (s, 2H,
NH,), 2.60 (s, 3H, CH3).

3-amino-6-iodo-2-methylquinazolin-4(3H)-one (5j): One-pot MW rt: 60 min; Two-Step
Synthesis, Step B rt: 30 min. 'H-NMR (CDCl3, 300 MHz): 6 (ppm) 8.54 (d, ] =19 Hz, 1H,
Hs), 7.96 (dd, ] = 8.6 Hz, 2.1 Hz, 1H, Hy), 7.34 (d, | = 8.6 Hz, 1H, Hg), 4.89 (s, 2H, NH}), 2.68
(s, 3H, CHas).

3-amino-2-methyl-6-nitroquinazolin-4(3H)-one (5k): Two-Step Synthesis, Step B rt:
60 min. '"H-NMR (DMSO-d6, 300 MHz): § (ppm) 8.74 (d, ] = 2.6 Hz, 1H, Hs), 8.46 (dd,
] =9.0,2.6 Hz, 1H, Hy), 7.73 (d, ] = 9.0 Hz, 1H, Hg), 5.91 (s, 2H, NHj), 2.62 (s, 3H, CHj).

3-amino-2-methyl-7-nitroquinazolin-4(3H)-one (51): Two-Step Synthesis, Step B rt:
60 min. 'H-NMR (DMSO-d6, 300 MHz): § (ppm) 8.32-8.23 (m, 2H, Hs, Hg), 8.14 (d, ] = 8.6,
1H, Hg), 5.91 (s, 2H, NH,), 2.61 (s, 3H, CHa).

3-amino-6-methoxy-2-methylquinazolin-4(3H)-one (5m) [41]: Two-Step Synthesis,
Step B rt: 45 min. 'H-NMR (CDCl3, 300 MHz): § (ppm) 7.54 (d, ] = 6.3 Hz, 1H, Hg), 7.52
(s, 1H, Hs), 7.30 (dd, ] = 8.8, 2.8 Hz, 1H, Hy), 4.92 (s, 2H, NH)), 3.89 (s, 3H, OCH3), 2.66 (s,
3H, CH3;); 3C NMR (CDCl3, 75 MHz): 6 (ppm) 161.4, 157.9, 153.0, 141.7, 128.5, 124.8, 120.7,
105.6, 55.8, 22.0.

3-amino-6,8-dimethoxy-2-methylquinazolin-4(3H)-one (5n) [42]: Two-Step Synthesis,
Step B rt: 45 min. TH-NMR (DMSO-d6, 300 MHz): § (ppm) 7.36 (s, 1H, Hs), 7.04 (s, 1H,
Hg), 5.76 (s, 2H, NH,), 3.88 (s, 3H, OCH3), 3.86 (s, 3H, OCHj3), 2.53 (s, 3H, CH3); 13C-NMR
(DMSO, 75 MHz):  (ppm) 159.8, 154.8, 154.1, 148.6, 143.3, 113.2, 107.7, 105.1, 56.3, 56.1, 22.1.

3-amino-6-hydroxy-2-methylquinazolin-4(3H)-one (50): One-pot MW rt: 75 min;
Two-Step Synthesis, Step B rt: 60 min. 'H-NMR (DMSO-d6, 300 MHz): 6 (ppm) 9.97
(s, 1H, OH), 7.44 (d, ] = 8.7 Hz, 1H, Hg), 7.35 (s, 1H, Hs), 7.21 (d, ] = 8.6 Hz, 1H, Hy), 5.73 (s,
2H, NH,), 2.50 (s, 3H, CH3).

4.3. Tissue Culture and Reagents

The in vitro experiments were performed using the human NF-«B luciferase reporter
HelLa stable cell-line (HeLa/NF-«B-Luc; SL-0001—Signosis; Santa Clara, CA, USA) that
expresses inducible luciferase under the promoter of the canonical NF-kB pathway. After
initial selection over 3 days using 50 nug/mL hygromycin B (#10687010—Invitrogen; Paisley,
UK), cultured cells were routinely maintained in Dulbecco’s modified Eagle medium
(DMEM), 10% (v/v) fetal bovine serum (FBS), 1% non-essential amino acids, 10 U/mL
penicillin, 10 mg/mL streptomycin and 2 mM L-glutamine, (all Sigma-Aldrich; Poole, UK),
in a humidified incubator at 37 °C, in an atmosphere of 5% CO,. For passaging, cells were
detached upon treatment with 0.05% (w/v) Trypsin-EDTA solution (Gibco; Paisley, UK)
for 5 min at 37 °C and counted using a Neubauer cell-counting chamber (Sigma-Aldrich).
Cells in suspension were then re-seeded to flasks, either for maintenance or to plates for
experimentation. Human recombinant tumor necrosis factor (TNF; PeproTech; London,
UK) at 20 ng/mL, was used to stimulate the HeLa/NF-«kB-Luc cells.

4.4. Luciferase Reporter Assay

HeLa/NF-«kB-Luc cells were seeded in 96-well plates (Greiner CELLSTAR flat bottom;
Sigma-Aldrich, Poole, UK) at 0.5 x 10* cells/well in 100 uL. complete DMEM medium
and incubated overnight (37 °C, 5% CO,). Cells were pre-treated with QNZ compounds
(10 uM) for 30 min, followed by stimulation with TNF (20 ng/mL) for 3 h. Medium
was removed, cells were washed with PBS, and Bright-Glo lysis reagent added (E2620—
Promega; Southampton, UK). After 5 min incubation at room temperature, lysates were
transferred to 96-well white walled plates (Nunc-Immuno microwell P8616; Sigma-Aldrich)
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and luminescence was measured using an EnSpire multimode plate reader (PerkinElmer;
Waltham, MA, USA), as described previously [36].

4.5. Viability Assay

HeLa/NF-kB-Luc cells were cultured in 12-well plates (Greiner CELLSTAR; Sigma-
Aldrich) at 0.5 x 10° cells/well in 2 mL medium and incubated overnight. The next day,
cells were either left untreated, or they were treated with each of the compounds at a final
concentration of 10 uM for 24 h. At the end of the treatment, the cells were washed with
cold phosphate-buffered saline (PBS) pH 7.3, scraped, and resuspended in 100 uL PBS. Cells
were stained with propidium iodide (Invitrogen; Paisley, UK) according to manufacturer
guidelines and analyzed by flow cytometry using a Cytomics FC 500 Beckman Coulter flow
cytometer (Beckman Coulter, Inc.; Fullerton, CA, USA). Raw data analysis was performed
using the CXP software 2.0 (Beckman Coulter).

4.6. Human Primary Macrophage Cultures and Interleukin-6 ELISA

Human peripheral blood mononuclear cells (PBMCs) were obtained from healthy
volunteer blood taken. Ethical approval for the studies using human peripheral blood-
derived mononuclear cells reported here was obtained from the Ethics Committee for
Research of University of Thessaly (54/5 June 2025), with all experiments performed
under the supervision of Dr. S. Papoutsopoulou. Informed, written consent was obtained
from the healthy adult participants. Peripheral venous blood (2 mL) was immediately
heparinized (unfractionated heparin sodium, at 5 U/mL; Wockhardt UK Ltd.; Wrexham,
UK). Each sample was mixed 1:2 with sterile PBS, layered over 20 mL Ficoll-Paque™
plus (ThermoFisher Scientific) and centrifuged at 400x g for 40 min at room temperature.
Peripheral blood mononuclear cells (PBMCs) were aspirated, washed with sterile PBS,
resuspended in 1 mL of freezing medium [88% v/v FCS (Sigma-Aldrich; Poole, UK) plus
12% v/v DMSQ], and stored at —80 °C. Frozen isolated PBMCs were thawed and plated
(0.5 x 10° cells/well) in 96-well plates (Nunclon Vita surface; ThermoFisher Scientific) in
0.1 mL of differentiation medium (DMEM, 10% v/v FCS, 10 mM HEPES (Sigma-Aldrich),
1 mM sodium pyruvate (ThermoFisher Scientific), 1x MEM non-essential amino acids
(Thermo Fisher Scientific), 10 U/mL penicillin, 10 mg/mL streptomycin, 2 mM L-glutamine
(Sigma-Aldrich) and 50 ng/mL human macrophage colony-stimulating factor (Peprotech;
London, UK)]. On day one, non-adherent cells were washed, and fresh differentiation
medium was added. On day four, 3 mL of fresh medium was added into the cultures
which were incubated for a further 3 days. On the day of the experiment, cells were
either left untreated or pre-treated with selected compounds (10 pM) for 30 min prior
to stimulation. Lipopolysaccharide (LPS) isolated from adherent, invasive E. coli LF82
was used for macrophage Toll-like receptor 4 (TLR4) activation at a final concentration
of 100 ng/mL, as previously reported [43]. Cell culture medium was harvested and IL-6
quantified using the Invitrogen human IL-6 uncoated ELISA kit (Cat. number 88-706-88)
sourced from Life Technologies Ltd. (Paisley, UK). Cells were washed once in PBS and
lysed in 50 pL radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) and the total
protein of the cell lysates were measured using the Pierce Bicinchoninic Acid (BCA) kit
(ThermoFisher Scientific).

4.7. In Silico Molecular Docking

Docking software AutoDock 4.2 [44] was used to perform blind docking analysis
of the human NF-«B potential binding sites for QNZ compounds. The experimental
procedure was performed as per AutoDock documentation (https://autodock.scripps.
edu/documentation/documentation/, accessed on 17 March 2025). To achieve maximum
coverage of p65/NF-kB and the p65/NF-kB-DNA complex during blind docking, only the
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grid box size was altered beyond the default values of the AutoDock software v. 4.2.6 (The
Scripps Research Institute; La Jolla, CA, USA). Specifically, the number of points in X, y,
and z dimensions were changed from the default value of 40 to the maximum value of 126.
Spacing was kept at the default value of 0.375 A and the grid box center coordinates were
also kept at the default values, where x = 40.522, y = 16.84, and z = 36.636. The algorithm
used for setting docking parameters was the Lamarckian algorithm. The default output
of the algorithm for each ligand was the 10 most stable binding poses as judged by their
binding-energy values in kcal /mol.

5. Conclusions

This study compellingly demonstrates novel methodologies for the synthesis of 3-
amino-2-methylquinazolinones. Among all molecules tested, only the 50 that was bearing
OH at R! (6 position), inhibited NF-kB activation and the synthesis of IL-6. Collectively,
our data shows that QNZ 50 represents a promising lead compound for optimization in
future attempts to target the NF-«kB pathway.
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mdpi.com/article/10.3390/ijms27146431/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

AcO acetic anhydride
AcOH acetic acid

ANOVA analysis of variance
Bcl-2 B-cell lymphoma-2
CH3C(OEt); triethyl orthoacetate
COX-2 cyclooxygenase-2

AG binding energy

IAP inhibitor of apoptosis
DMSO dimethyl sulfoxide
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EDTA ethylenediaminetetraacetic acid
IL-1 interleukin 1

IL-6 interleukin 6

LPS lipopolysaccharide

MFI mean fluorescence intensity

MW microwave

NF-«B nuclear factor-kappa B

NMR nuclear magnetic resonance

OMe methoxy group (-OCH3)

PBMC peripheral blood mononuclear cell
QNZ quinazolinone

TLR4 Toll-like receptor 4

TNF tumor necrosis factor

VEGFR2 vascular endothelial growth factor receptor 2
WRN Werner syndrome

References

1. LiJ; Yang, Y.; Wang, L.; Liu, Q.; Kang, X.; Yang, Y. Quinazolinone derivatives as potential anti-tumor agents: Structural features
and molecular mechanisms in inducing cell death (Review). Int. . Mol. Med. 2025, 56, 205. [CrossRef] [PubMed]

2. He, D.; Wang, M.; Zhao, S.; Shu, Y.; Zeng, H.; Xiao, C,; Lu, C.; Liu, Y. Pharmaceutical prospects of naturally occurring
quinazolinone and its derivatives. Fitoterapia 2017, 119, 136-149. [CrossRef] [PubMed]

3. Li, H.; Fu, G.; Zhong, W. Natural quinazolinones: From a treasure house to promising anticancer leads. Eur. J. Med. Chem. 2023,
245, 114915. [CrossRef] [PubMed]

4. Alsibaee, A.M.; Al-Yousef, H.M.; Al-Salem, H.S. Quinazolinones, the Winning Horse in Drug Discovery. Molecules 2023, 28, 978.
[CrossRef] [PubMed]

5. Kalakwade, A.; Kavalapure, R.S.; Gharge, S.; Alegaon, 5.G.; Ranade, S.D.; Wong, L.S.; Ramu, R. Heterocyclic compounds with
diverse biological activities: A review of quinazoline and quinazolinone derivatives. Results Chem. 2026, 19, 102932. [CrossRef]

6.  Vaskevych, A.; Dekhtyar, M.; Vovk, M. Cyclizations of Alkenyl(Alkynyl)-Functionalized Quinazolinones and their Heteroana-
logues: A Powerful Strategy for the Construction of Polyheterocyclic Structures. Chem. Rec. 2024, 24, e202300255. [CrossRef]
[PubMed]

7. Borah, B.; Swain, S.; Patat, M.; Chowhan, L.R. Recent advances and prospects in the organocatalytic synthesis of quinazolinones.
Front. Chem. 2022, 10, 991026. [CrossRef] [PubMed]

8. Aayushi Lodhi, K.C.M. Solid acid catalysed synthesis of biologically potent quinazolinones: Environmentally benign approaches.
Sustain. Chem. Pharm. 2023, 36, 101265. [CrossRef]

9.  Mohammadkhani, L.; Heravi, M.M. Microwave-Assisted Synthesis of Quinazolines and Quinazolinones: An Overview. Front.
Chem. 2020, 8, 580086. [CrossRef] [PubMed]

10. Rijwan Sumit Kumar, S.K. Green and sustainable approaches in the synthesis of pharmaceutically relevant quinazolinones.
Tetrahedron 2025, 172, 134437. [CrossRef]

11.  Mikra, C.; Melissari, Z.; Kokotou, M.G.; Gritzapis, P.; Fylaktakidou, K.C. Microwave-Assisted Synthesis of Hydroxamic Acid
Incorporated Quinazolin-4[3H]-One Derivatives. Sustain. Chem. Pharm. 2022, 29, 11. [CrossRef]

12.  Mikra, C.; Bairaktari, M.; Petridi, M.T.; Detsi, A.; Fylaktakidou, K.C. Green Process for the Synthesis of 3-Amino-2-Methyl-
Quinazolin-4(3H)-One Synthones and Amides Thereof:DNA Photo-Disruptive and Molecular Docking Studies. Processes 2022,
10, 384. [CrossRef]

13. Varala, R.; Kamsali, M.M.A.; Hussein, M.; Alam, M.M. Visible Light-Mediated Synthesis of Quinazoline and Quinazolinone
Derivatives: A Quadrennial Update. J. Heterocycl. Chem. 2025, 62, 31. [CrossRef]

14. Luo, Y.X.; Zeng, EL.; Loh, T.P; Jia, Z. Recent advances in photo-induced synthesis of polycyclic quinazolinones from unactivated
alkene-tethered quinazolinones. Org. Biomol. Chem. 2025, 23, 9554-9569. [CrossRef] [PubMed]

15. Mahato, K.; Shrestha, D.; Roy, P.; Lee, SW. Recent Developments in C—H Functionalization and Annulation of 2-Aryl-
Quinazolinones and 3-Aryl-Quinazolinones via Site Selective Transformations. Eur. ]. Org. Chem. 2025, 28, €202500034.
[CrossRef]

16. Haciosmanoglu-Aldogan, E.; Cakr, E,; Yetke, H.I; Tokals, ES.; Senol, H. Synthesis, Characterization, and In Vitro and In Silico

Studies of Substituted-Vanillin Hydrazones of Anthranilic Acid and Their Quinazolin-4(3H)-One Analogues as Anti Breast
Cancer Agents. Chem. Sel. 2025, 10, 17. [CrossRef]

https:/ /doi.org/10.3390/ijms27146431


https://doi.org/10.3892/ijmm.2025.5646
https://www.ncbi.nlm.nih.gov/pubmed/40999977
https://doi.org/10.1016/j.fitote.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28495308
https://doi.org/10.1016/j.ejmech.2022.114915
https://www.ncbi.nlm.nih.gov/pubmed/36375335
https://doi.org/10.3390/molecules28030978
https://www.ncbi.nlm.nih.gov/pubmed/36770645
https://doi.org/10.1016/j.rechem.2025.102932
https://doi.org/10.1002/tcr.202300255
https://www.ncbi.nlm.nih.gov/pubmed/37830463
https://doi.org/10.3389/fchem.2022.991026
https://www.ncbi.nlm.nih.gov/pubmed/36186594
https://doi.org/10.1016/j.scp.2023.101265
https://doi.org/10.3389/fchem.2020.580086
https://www.ncbi.nlm.nih.gov/pubmed/33282829
https://doi.org/10.1016/j.tet.2024.134437
https://doi.org/10.1016/j.scp.2022.100772
https://doi.org/10.3390/pr10020384
https://doi.org/10.1002/jhet.70013
https://doi.org/10.1039/d5ob01231g
https://www.ncbi.nlm.nih.gov/pubmed/41078133
https://doi.org/10.1002/ejoc.202500034
https://doi.org/10.1002/slct.202404806
https://doi.org/10.3390/ijms27146431

Int. J. Mol. Sci. 2026, 27, 6431 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Haggag, H.S.; Aboukhatwa, S.M.; Nafie, M.S.; Paul, A.; Sharafeldin, N.; Oliver, A.W.; El-Hamamsy, M.H. Design and synthesis of
quinazolin-4-one derivatives as potential anticancer agents and investigation of their interaction with RecQ helicases. Bioorg.
Chem. 2024, 144, 107086. [CrossRef] [PubMed]

Kumar, A.; Rajput, C.S. Synthesis and anti-inflammatory activity of newer quinazolin-4-one derivatives. Eur. |. Med. Chem. 2009,
44, 83-90. [CrossRef] [PubMed]

Luan, M.Z.; Zhang, X.F; Yang, Y,; Meng, Q.G.; Hou, G.G. Anti-inflammatory activity of fluorine-substituted benzo[h]quinazoline-
2-amine derivatives as NF-kappaB inhibitors. Bioorg. Chem. 2023, 132, 106360. [CrossRef] [PubMed]

Yu, J.; Zhou, Y,; Liang, G.; Cheng, S.; Wei, ].; Li, H.; Liu, X.; You, C.; Mao, M.; Ahmad, M.; et al. Quinazoline derivatives inhibit cell
growth of prostate cancer as a WRN helicase dependent manner by regulating DNA damage repair and microsatellite instability.
Bioorg. Chem. 2024, 153, 107963. [CrossRef] [PubMed]

Liao, X.; Zhou, X.; Mak, N.K.; Leung, K.N. Tryptanthrin inhibits angiogenesis by targeting the VEGFR2-mediated ERK1/2
signalling pathway. PLoS ONE 2013, 8, e82294. [CrossRef] [PubMed]

Kerdphon, S.; Khamto, N.; Buddhachat, K.; Ngoenkam, J.; Paensuwan, P.; Pongcharoen, S.; Singh, T.; Meepowpan, P;
Jongcharoenkamol, J. Structure-Activity Relationship and Molecular Docking of Quinazolinones Inhibiting Expression of
COX-2, IL-1beta, iNOS, and TNF-alpha through NF-kappaB Pathways. ACS Med. Chem. Lett. 2023, 14, 1167-1173. [CrossRef]
[PubMed]

Baldwin, A.S., Jr. The NF-kappa B and I kappa B proteins: New discoveries and insights. Annu. Rev. Immunol. 1996, 14, 649-683.
[CrossRef] [PubMed]

Papoutsopoulou, S.; Campbell, B.J. Epigenetic Modifications of the Nuclear Factor Kappa B Signalling Pathway and its Impact on
Inflammatory Bowel Disease. Curr. Pharm. Des. 2021, 27, 3702-3713. [CrossRef] [PubMed]

Mukherjee, T.; Kumar, N.; Chawla, M.; Philpott, D.J.; Basak, S. The NF-kappaB signaling system in the immunopathogenesis of
inflammatory bowel disease. Sci. Signal 2024, 17, eadh1641. [CrossRef] [PubMed]

van Loo, G.; Beyaert, R. Negative regulation of NF-kappaB and its involvement in rheumatoid arthritis. Arthritis Res. Ther. 2011,
13, 221. [CrossRef] [PubMed]

Karin, M.; Yamamoto, Y.; Wang, Q.M. The IKK NF-kappa B system: A treasure trove for drug development. Nat. Rev. Drug Discov.
2004, 3, 17-26. [CrossRef] [PubMed]

Mao, H.; Zhao, X.; Sun, S.C. NF-kappaB in inflammation and cancer. Cell. Mol. Immunol. 2025, 22, 811-839. [CrossRef] [PubMed]
Lim, J.W,; Kim, H.; Kim, K.H. Nuclear factor-kappaB regulates cyclooxygenase-2 expression and cell proliferation in human
gastric cancer cells. Lab. Investig. 2001, 81, 349-360. [CrossRef] [PubMed]

Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect. Biol. 2009, 1, a001651. [CrossRef]
[PubMed]

Libermann, T.A.; Baltimore, D. Activation of interleukin-6 gene expression through the NF-kappa B transcription factor. Mol. Cell.
Biol. 1990, 10, 7. [CrossRef] [PubMed]

Sadati, S.; Khalaji, A.; Bonyad, A.; Khoshdooz, S.; Hosseini Kolbadi, K.S.; Bahrami, A.; Moeinfar, M.S.; Morshedi, M.; Ghamsaraian,
A.; Eterafi, M.; et al. NF-kappaB and apoptosis: Colorectal cancer progression and novel strategies for treatment. Eur. |. Med. Res.
2025, 30, 616. [CrossRef] [PubMed]

Hoffmann, A.; Cheng, G.; Baltimore, D. NF-kappaB: Master regulator of cellular responses in health and disease. Immun. Inflamm.
2025, 1, 2. [CrossRef] [PubMed]

Giri, R.S.; Thaker, HM.; Giordano, T.; Chen, B.; Nuthalapaty, S.; Vasu, K.K.; Sudarsanam, V. Synthesis and evaluation of
quinazolinone derivatives as inhibitors of NF-kappaB, AP-1 mediated transcription and eIF-4E mediated translational activation:
Inhibitors of multi-pathways involve in cancer. Eur. . Med. Chem. 2010, 45, 3558-3563. [CrossRef] [PubMed]

Kushwaha, P. Quinoline as a Privileged Structure: A Recent Update on Synthesis and Biological Activities. Curr. Top. Med. Chem.
2024, 24, 2377-2419. [CrossRef] [PubMed]

Ntavaroukas, P.; Michail, K.; Tsiakalidou, R.; Stampouloglou, E.; Tsiggene, K.; Komiotis, D.; Georgiou, N.; Mavromoustakos, T.;
Manta, S.; Aje, D.; et al. A Novel Quinoline Inhibitor of the Canonical NF-kappaB Transcription Factor Pathway. Biology 2024,
13, 910. [CrossRef] [PubMed]

Suhail, M.; Rehan, M.; Tarique, M.; Tabrez, S.; Husain, A.; Zughaibi, T.A. Targeting a transcription factor NF-kappaB by green tea
catechins using in silico and in vitro studies in pancreatic cancer. Front. Nutr. 2022, 9, 1078642. [CrossRef] [PubMed]

Tasnim, J.; Hasan, M.M.; Fatima, Q.; Rashid, L.; Sarker, S.; Hossain, K.R.; Nisar, M.; Molla, M.T.H.; Shafiq, M.I.; Alam, M.T.
In-silico screening of anti-cancer natural compounds targeting NF-kappaB as identification of potential therapeutic inhibitor. In
Silico Pharmacol. 2026, 14, 119. [CrossRef] [PubMed]

Su, C,; Liu, X. Synthesis of Novel 4(3H)-Quinazolinones with 1,2,3-Triazoles Moiety Conjugated by Schiff Base. Asian J. Chem.
2014, 26, 3. [CrossRef]

https:/ /doi.org/10.3390/ijms27146431


https://doi.org/10.1016/j.bioorg.2023.107086
https://www.ncbi.nlm.nih.gov/pubmed/38219478
https://doi.org/10.1016/j.ejmech.2008.03.018
https://www.ncbi.nlm.nih.gov/pubmed/18501478
https://doi.org/10.1016/j.bioorg.2023.106360
https://www.ncbi.nlm.nih.gov/pubmed/36652807
https://doi.org/10.1016/j.bioorg.2024.107963
https://www.ncbi.nlm.nih.gov/pubmed/39571305
https://doi.org/10.1371/journal.pone.0082294
https://www.ncbi.nlm.nih.gov/pubmed/24358167
https://doi.org/10.1021/acsmedchemlett.3c00098
https://www.ncbi.nlm.nih.gov/pubmed/37736179
https://doi.org/10.1146/annurev.immunol.14.1.649
https://www.ncbi.nlm.nih.gov/pubmed/8717528
https://doi.org/10.2174/1381612827666210218141847
https://www.ncbi.nlm.nih.gov/pubmed/33602081
https://doi.org/10.1126/scisignal.adh1641
https://www.ncbi.nlm.nih.gov/pubmed/38194476
https://doi.org/10.1186/ar3324
https://www.ncbi.nlm.nih.gov/pubmed/21639951
https://doi.org/10.1038/nrd1279
https://www.ncbi.nlm.nih.gov/pubmed/14708018
https://doi.org/10.1038/s41423-025-01310-w
https://www.ncbi.nlm.nih.gov/pubmed/40562870
https://doi.org/10.1038/labinvest.3780243
https://www.ncbi.nlm.nih.gov/pubmed/11310828
https://doi.org/10.1101/cshperspect.a001651
https://www.ncbi.nlm.nih.gov/pubmed/20457564
https://doi.org/10.1128/mcb.10.5.2327-2334.1990
https://www.ncbi.nlm.nih.gov/pubmed/2183031
https://doi.org/10.1186/s40001-025-02734-w
https://www.ncbi.nlm.nih.gov/pubmed/40660346
https://doi.org/10.1007/s44466-025-00014-0
https://www.ncbi.nlm.nih.gov/pubmed/41669117
https://doi.org/10.1016/j.ejmech.2010.04.038
https://www.ncbi.nlm.nih.gov/pubmed/20557982
https://doi.org/10.2174/0115680266314303240830074056
https://www.ncbi.nlm.nih.gov/pubmed/39313876
https://doi.org/10.3390/biology13110910
https://www.ncbi.nlm.nih.gov/pubmed/39596865
https://doi.org/10.3389/fnut.2022.1078642
https://www.ncbi.nlm.nih.gov/pubmed/36712528
https://doi.org/10.1007/s40203-026-00623-6
https://www.ncbi.nlm.nih.gov/pubmed/42005990
https://doi.org/10.14233/ajchem.2014.17499
https://doi.org/10.3390/ijms27146431

Int. J. Mol. Sci. 2026, 27, 6431 17 of 17

40.

41.

42.
43.

44.

Carullo, G.; Di Bonaventura, G.; Rossi, S.; Lupetti, V.; Tudino, V.; Brogi, S.; Butini, S.; Campiani, G.; Gemma, S.; Pompilio, A.
Development of Quinazolinone Derivatives as Modulators of Virulence Factors of Pseudomonas aeruginosa Cystic Fibrosis
Strains. Molecules 2023, 28, 6535. [CrossRef] [PubMed]

Asadji, P; Khodarahmi, G.; Jahanian-Najafabadi, A.; Saghaie, L.; Hassanzadeh, F. Synthesis, characterization, molecular docking
studies and biological evaluation of some novel hybrids based on quinazolinone, benzofuran and imidazolium moieties as
potential cytotoxic and antimicrobial agents. Iran. J. Basic Med. Sci. 2017, 20, 975-989. [CrossRef] [PubMed]

Itai, A.; Muto, S.; Inoue, T.; Urade, Y. Quinazolin-4-One Derivatives. U.S. Patent US 2006,/0229324 A1, 12 October 2006.
Papoutsopoulou, S.; Burkitt, M.D.; Bergey, F; England, H.; Hough, R.; Schmidt, L.; Spiller, D.G.; White, M.H.R,; Paszek, P;
Jackson, D.A; et al. Macrophage-Specific NF-kappaB Activation Dynamics Can Segregate Inflammatory Bowel Disease Patients.
Front. Immunol. 2019, 10, 2168. [CrossRef] [PubMed]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146431


https://doi.org/10.3390/molecules28186535
https://www.ncbi.nlm.nih.gov/pubmed/37764311
https://doi.org/10.22038/ijbms.2017.9260
https://www.ncbi.nlm.nih.gov/pubmed/29085591
https://doi.org/10.3389/fimmu.2019.02168
https://www.ncbi.nlm.nih.gov/pubmed/31572379
https://doi.org/10.1002/jcc.21256
https://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.3390/ijms27146431

	Introduction 
	Results 
	Synthesis of 3-Amino-2-methyl QNZs 
	Impact of Quinazolinones on HeLa/NF-kB Luc Cell Survival 
	Specific Quinazonolinones Inhibit NF-B Activation in TNF-Induced HeLa/NF-B-Luc Cells 
	Molecular Docking Analysis 

	Discussion 
	Materials and Methods 
	Quinazolinones 
	General Methods 
	Two-Step Synthesis of 3-Amino-2-methylquinazolinones 
	One-Pot Synthesis of 3-Amino-2-methylquinazolinones 

	Data of Compounds 
	Tissue Culture and Reagents 
	Luciferase Reporter Assay 
	Viability Assay 
	Human Primary Macrophage Cultures and Interleukin-6 ELISA 
	In Silico Molecular Docking 

	Conclusions 
	References

