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ABSTRACT

Uncontrolled nuclear factor-kB (NF-«B)
pathway activation is directly involved in %
cancer development, inflammation, and -7
multidrug resistance, yet potent direct g
inhibitors remain limited. Herein, we
employed a fragment-based design
strategy to develop structurally optimized
chromone analogs by combining fragments
derived from natural NF-kB inhibitors.
Unlike previous studies that mainly focused | z

on indirect inhibition pathways, our strategy #, ' L

specifically targeted the DNA-binding loop B " ,},
of the p50 subunit, a region essential for & -‘ N

N

transcriptional regulation. Optimized N
geometries (B3LYP/6-31+G(d)) and N
fragment-based ligand variants were Tl

manually  constructed, followed by
automated docking into NF-kB p50 using AutoDock 4.2. Binding energies calculated for residues 356—368 identified
several promising candidates. Docking studies demonstrated that some designed molecules exhibited stronger
binding affinity (up to —=11.13 kcal.mol™, Ki = 6.9 nM) than known reference inhibitors. Importantly, these compounds
selectively inhibited NF-kB while sparing PI3K activity, thereby minimizing potential off-target effects. Furthermore,
the fragment-based designed compounds showed favorable interactions with P-glycoprotein, suggesting their
potential to reverse multidrug resistance. These findings introduce a rationally designed family of small molecules
with dual potential for direct NF-kB inhibition and modulation of multidrug resistance.
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1. Introduction

The nuclear factor-xB (NF-kB) is a transcription factor which plays critical roles in immune and inflammatory
responses that regulates the expression of a large number of genes related to cytokine production and cell survival
[1, 2]. The incorrect regulation of the NF-kB proteins that belongs to Rel family, including p50/p105 (NF-xB1),
p52/p100 (NF-xB1), RelA (p65), RelB and c-Rel links to development and progression of cancer, inflammatory, and
autoimmune diseases. However, numerous inhibitors have been identified to suppress the NF-kB activation by which
they block this pathway [3-5]. An approach for treatment of inflammation is inhibiting pro-inflammatory mediator
production as is done in using inhibitors of the NF-«B activation [6].

Inhibition of the NF-«xB activation can be performed directly or indirectly. The indirect and classical pathway of
NF-«xB activation depends on phosphorylation, ubiquitination, and degradation of kappa B (IxB) proteins, which
suppresses NF-kB translocated to the nucleus and inactivate the expression of NF-«kB target genes [7, 8]. Several
researches tried to inhibit the degradation of the IxB proteins that can be used to modulate aberrant NF -xB signaling,

Received: May 08, 2026 O =F a0
Received in revised: May 29, 2026 "_I- A

Accepted: June 11, 2026 BT "

This is an open access article under the CC BY license


mailto:behazin.roya@gmail.com

Materials Chemistry Horizons RESEARCH

using small molecules such as cryptocaryone analogues [9, 10]. In contrast, a variety of inhibitors directly interact
with active site of one or more NF-kB family proteins that is an effective method to prevent their function [11, 12].
The previous study has shown that the direct inhibition of the NF-«xB activity in breast tumor cell lines, induce
apoptosis and enhance the sensitivity of cancer cells [13, 14].

A research program on the discovery of new drug in global pharmaceutical industries showed that the structural
scaffolds based on natural products can be potential agents for inhibiting a variety of targets in treatment of many
diseases [15, 16]. For example, flavonoids, coumarins and chromones occur in plant exhibited a wide spectrum of
useful properties such as anti-inflammatory, antibacterial, antitumor, anti-HIV, antioxidant and antiallergic [17-20].
Because of the vital role of NF-«B in cancer and various chronic diseases, numerous efforts have been performed to
identify the natural products with the activity against the NF-kB pathway [21]. Many of these natural products
contain heterocyclic rings that can capture active site of NF-«xB by providing H-bonding and electrostatic interactions
[22]. The structures of chromones that are oxygen-containing heterocyclic compounds, provide important new leads
in drugs discoveries [23, 24]. Several chromone derivatives, such as 2-morpholin-4-yl-8-phenyl-chromone
(LY294002) and its analogues, such as TGX-102 and TGX-286 were proposed as selective phosphatidylinositol-3-
kinase (PI3K) inhibitors, where LY294002 can also inhibit the NF-kB protein [25, 26].

Xanthohumol (XN) is a prenylated flavonoid that obtained from hops has been introduced as a natural NF-xB
inhibitor; it demonstrated antiproliferative, proapoptotic and antiangiogenic effects in several tumor cell lines [27,
28]. Another natural inhibitor of this protein is caffeic acid phenethyl ester (CAPE) that exists in the honeybee
propolis and has anti-inflammatory, anticarcinogenic, and antioxidant activities [29-31]. Both of them can inhibit
the drug efflux transporter P-glycoprotein and the reverse multidrug resistance that are effective in the cancer
chemotherapy [32, 33].

The present study aimed to identify new potential candidates for direct NF-kB inhibition by targeting the DNA-
binding loop involved in kB-site recognition. To achieve this goal, structural fragments derived from natural NF-«xB
inhibitors were combined to generate novel small molecules with enhanced inhibitory potential. In addition, the
designed compounds were expected to inhibit P-glycoprotein and thereby contribute to reversing multidrug
resistance.

2. Methods

The geometry optimizations were carried out at the B3LYP/6-31+G(d) level of theory using the GAUSSIANO09
program package [34]. Changing the molecular side chains, as well as scaffolds during the generation and the
optimization stages is an effective method to discover new drug-like compounds [35, 36]. Fragments library were
obtained from reference molecules that are related to the target, including LY294002, TGX-286, TGX-102, XN and
CAPE and provided a fragment library (see Figure 1). It includes three types of fragments, i.e. ring (scaffold), linker
and side-chain which follow several connection rules that introduced by Kawai et al. [37]. The rules are involved
three allowable connections (ring—ring, ring—linker and ring—side chain connection) and three unallowable
connections (linker—linker, side chain—side chain and linker—side chain connection). The designed compounds were
manually constructed based on fragment combinations, and the docking simulations were subsequently carried out
automatically using by AutoDock 4.2 [38]. The crystal structure of pS0/p65 heterodimer of NF-xB bound to kB site
of DNA obtained from Protein Data Bank. The DNA molecules and the p65 subunit removed from the protein and
hydrogen atoms added to it. The active site of protein involves specific residues, such as Arg356, Tyr357, Val358,
Cys359, Glu360, Gly361, Pro362, Ser363, His364, Gly365, Gly366, Leu367, and Pro368 [39]. This region
corresponds to the DNA-binding loop of the p50 subunit, which plays a critical role in kB-site recognition and NF-
kB transcriptional activity. Previous structural and computational studies have suggested that residues within this
region can participate in ligand interactions through hydrogen bonding, electrostatic contacts, and hydrophobic
interactions, making this interface a suitable target for direct inhibition of NF-«xB—-DNA binding. Designed molecules
were docked into the p50 subunit around the region that surrounded by residues 356—368. The docking calculations
were performed using AutoDock 4.2 employing the Lamarckian Genetic Algorithm (LGA). In the present study,
docking simulations were carried out using a single crystal structure for each target protein (NF-kB: PDB ID 1 VKX;
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PI3K: PDB ID 1E7V; P-glycoprotein: PDB ID 4F4C). Ensemble docking using multiple receptor conformations was
not performed. All compounds were evaluated using the same receptor structures to ensure consistency and direct
comparability of docking results. The grid box was centered on the DNA-binding loop region of the p50 subunit
(residues 356—-368) with dimensions adjusted to fully cover the active site cavity. For each ligand, 100 GA runs were
carried out using a population size of 150 individuals and a maximum number of 2.5 x 10¢ energy evaluations. All
rotatable bonds of ligands were treated as flexible, whereas the protein receptor was kept rigid during docking
simulations. Crystallographic water molecules were removed prior to docking calculations, and no explicit solvent
molecules were included during the simulations. In addition, receptor flexibility and induced-fit effects were not
considered, since the docking protocol was performed using a rigid protein model implemented in AutoDock 4.2.

The reported binding energies (E) correspond to the estimated free energies of binding (AGbinding) calculated
by AutoDock 4.2 and are expressed in kcal-mol™'. These values were obtained from the AutoDock scoring function,
which considers intermolecular interactions, hydrogen bonding, electrostatic interactions, desolvation effects, and
torsional entropy contributions.

The docking protocol was validated by re-docking the reference inhibitor into the active site of the NF-kB p50
subunit and comparing the predicted binding mode with the reported crystallographic orientation. The root-mean-
square deviation (RMSD) between the experimental and re-docked conformations was used as the validation
criterion. RMSD values below 2.0 A are generally considered indicative of reliable reproduction of experimental
binding poses and acceptable docking accuracy [34, 35].
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Figure 1. The chemical structures of the natural inhibitors of the NF-«B protein.

Materials Chemistry Horizons | 2025, 4(1), 77-90 79



Materials Chemistry Horizons RESEARCH

3. Results and discussion
3.1. Fragment-based design and structural derivation

The newly designed compounds were generated by strategically connecting key fragments derived from natural
NF-«B inhibitors, based on rational and chemically allowable connections (Figure 2). This fragment-based design
enabled us to capture the most pharmacologically relevant moieties of natural scaffolds while producing structurally
simplified analogues with potentially enhanced bioactivity. Such a strategy provides not only a reduction in synthetic
and computational complexity but also an innovative approach to achieving direct inhibition of NF -xB, which has
not been sufficiently explored in previous studies [7, 40].

Notably, LY294002 and its analogues are widely recognized as specific inhibitors of phosphatidylinositol-3-
kinase (PI3K), but they can also inhibit NF-kB activation independent of PI3K [41]. Since PI3K plays a crucial role
in cell proliferation and survival signaling in various cells [42], selectivity against this target is a major concern in
designing potent NF-kB inhibitors. Our compounds were designed with this challenge in mind, aiming to provide
higher selectivity toward NF-«kB while minimizing undesirable PI3K inhibition.

In addition, natural inhibitors such as XN and CAPE are known as anti-multidrug resistance agents that can
prevent NF-kB activation as well as inhibit P-glycoprotein [43]. By incorporating structural features inspired from
these natural scaffolds into our novel compounds, the present work offers a dual potential: direct inhibition of NF -
kB and the ability to counteract P-glycoprotein—mediated multidrug resistance. This dual functionality highlights
the innovative character of our design and suggests promising therapeutic implications for improving cancer
chemotherapy.

Fragments of the natural inhibitors illustrated in Figure 2, include three types of scaffolds that the first one (A)
is derived from LY294002 or its analogues. The second (B) is derived from the XN and is approximately similar to
the chromones in which the pyran-4-one ring has lost a C-C bond [18, 19]. The last scaffold (C) was obtained from
two fragments derived from LY294002 and CAPE. From four different linkers, two linkers were derived from TGX -
102 and TGX-286, and others were derived from those by exchanging the middle atoms. In the other words, the
linkers joined to benzene ring and made (R as —O-CH,-C¢Hs (derived from TGX-102) that used in the structures of
1, 7 and 13 of designed molecules and —CH(CH3)-NH-C¢Hs (derived from TGX-286) that used in 6, 12 and 18 of
them which are derived from TGX-102 and TGX-286 respectively. Other fragments are —CH,-O-C¢Hs (2, 8 and 14),
—NH-CH(CH3)-C¢Hs (4, 10 and 16), -NH-CH>-CsHs (3, 9 and 15), and —CH2-NH-C¢Hs (5, 11 and 17)) where the
last two cases used to determine the effect of CH3 substituent. The R, side chain of designed molecules is —-CcH4OH,
—NC4H3O or —CsH4N (see Figure 2). The rings with the OH substituents are very common in the structures of the
NF-«B inhibitors. The —-CsH4OH fragment has been derived from XN includes a six membered ring with the OH
substituent, which also exists in the structures of licochalcone A, artobiloxanthone, anacardic acid, magnolol and
etc. [29]. Another side chain —NC4HsO, which derived from LY294002 or TGX-102 makes H-bonding with amide
backbone of CYS416 in P50 as well as Val882 residue in PI3K. The pyrimidine ring was derived from TGX-286.

The —CH,-CH-C(CH3)» fragment derived from XN is able to bind to the N or O atoms of amino acids because
of lipophilic feature of CH3 groups. All new designed compounds were docked in the active sites of the NF-«xB and
PI3K proteins to check them as suit inhibitors for NF-kB and be ineffective against PI3K. The compounds with the
best results have subsequently been chosen to investigate its potential in the inhibition of P-glycoprotein; The PDB
code is 1E7V for PI3K and 4F4C for P-glycoprotein.

Inhibition constant (K;) and binding energy (E) of reference molecules in the active site of NF-xB, PI3K and P-
glycoprotein are given in Table 1. Although TGX-286 is the best inhibitor for NF-kB where E and K; are equal to -
9.75 kcal.mol! and 70.96 nM, XN is the worst among the designed compounds when E and K; are equal to -7.7
kcal.mol! and 2270 nM. CAPE is ineffective on PI3K with -4.12 kcal.mol! and 951670 nM for E and K;,
respectively.
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Figure 2. Fragments derived from the natural compounds and used in designing new molecules.

Table 1. The binding energy (E, in kcal.mol') and inhibition constant (Ki, in nM) of reference molecules in the NF-kB and
PI3K active sites

NF-kB PI3K
E Ki E Ki
LY294002 -9.32 147.00 -6.83 9930
TGX-102 -8.87 314.27 -7.07 6590
TGX-286 -9.75 70.96 -7.09 6380
XN -7.7 2270 -4.99 221780
CAPE -8.25 890.62 -4.12 951670

3.2. Scaffold A (LY294002-derived series): potent and selective NF-kB inhibitors

Table 2 gives information about the inhibition of the NF-kB and PI3K proteins that can be used to find the most
selective candidate from the first scaffold or A series where the OH and —CH,-CH-C(CH3), fragments were joined
to it. Most of the new structures showed greater binding affinity to the NF-«B active site compared to the reference
molecules. For instance, compound A12 (R; = —-CH(CH3)-NH-CsHs and R> = -CsH4N) exhibited binding energy (E)
of -10.2 kcal-mol™! and inhibition constant (K;) of 33.13 nM. These are significantly lower than the binding energy
(E = -9.75 kcal-mol™) and inhibition constant (K; = 70.96 nM) of the reference inhibitor TGX-286. Since more
negative binding energy indicates stronger molecular interactions with the protein, and inhibitory potency is
indicated by the lower K; value, the results unmistakably confirm that A12 is more strongly and effectively bound
to NF-kB compared to TGX-286. The improved binding profile highlights the prospects of our designed molecules
to outperform existing inhibitors against NF-xB. The best candidate for NF-kB inhibition among the designed
compounds is A5 (R1 = -CH,-NH-CsHs and R, = —-C¢H4OH), which exhibited a binding energy (E) of —10.76
kcal.mol™ and a K; of 12.87 nM. The strong inhibitory effect of A5 can be attributed to the formation of three
hydrogen bonds with key residues GLY365, VAL358, and GLY361 in the NF-kB active site. These hydrogen bonds
play a critical role in stabilizing the ligand—protein complex, enhancing binding specificity, and contributing to the
significantly lower Ki value compared to reference molecules. In contrast, A15 emerged as the weakest inhibitor of
PI3K, with E = -6.66 kcal.mol™! and K; = 13170 nM, resulting in a very large difference in inhibitory potency
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between NF-xB and PI3K (>10,000-fold). This selectivity highlights the ability of our designed molecules to target
NF-kB effectively while minimizing off-target effects on PI3K, a kinase crucial for normal cell proliferation and
survival signaling. These results demonstrate not only the superior binding affinity and specificity of A5 toward NF -
kB, but also the innovative design strategy of the compounds, which combines structural fragments from natural
inhibitors to achieve both high potency and selectivity. Compared to previously reported NF-kB inhibitors, A5 shows
enhanced direct interaction with the DNA-binding loop, suggesting potential improvements in therapeutic efficiency
and a promising foundation for further experimental validation. E and K; of NF-kB are significantly changed by
changing R; when R» is -C¢H4OH or —CsH4N and it is approximately constant for PI3K. The R side chain plays an
important effect in the inhibition of PI3K in the presence of _-NC4HgO where the binding energies change in the
range -6.66 to -8.72 kcal.mol! by changing R;. A17 (Rj= ~CH»-NH-C¢Hs and Ro= ~NC4HgO) and A18 (Ri= —
CH(CH3)-NH-C¢Hs and Ro=-NC4H30) fit into the PI3K active site better than NF-xB in comparison with A15 (R;=
—NH-CH;-C¢Hg and Ro= -NC4H30). Therefore, the strength of H-bonds between —-NC4HsO and amino acid residue
can be changed by changing R;.

In the present study, selectivity toward NF-xB was evaluated based on both the binding energy difference (AE)
and K; between NF-kB and PI3K. Compounds were considered strongly selective when they showed substantially
lower K; values for NF-«kB, typically with at least one order of magnitude difference relative to PI3K, together with
consistently more favorable binding energies toward NF-kB. Compounds exhibiting smaller differences were
described as having moderate selectivity or preferential affinity toward NF-«xB rather than being classified as highly
selective.

Table 2. The binding energy (E, in kcal.mol™!) and inhibition constant (Ki, in nM) of the A series compounds in the NF-«B and PI3K active
sites.

(o}

PI3K
Ri E Ki

Al | -O-CH>-CeHs -10.54 18.85 779 1960
A2 | -CH»-O-CeHs -10.02 4525 -7.39 3820
A3 | -NH-CHx-CeHs 8.45 642.49 7.95 1500
A4 | -NH-CH(CH3)-CsHs 9.97 49.46 728 4620
AS | -CH2-NH-CeHs o 1076 12.87 737 3980
A6 | -CH(CH3)-NH-CeHs -8.89 302.59 -7.85 1770
A7 | -O-CH>-CéHe 9.95 43.99 -6.67 11150
A8 | -CH»-O-CeHs 927 159.62 751 3140
A9 | -NH-CH:>-CeHs AN -10.43 22.48 72 5300
A10 | -NH-CH(CH3)-CeHs A -9.99 47.77 731 9360
All | -CH>-NH-CsHs -9.44 121.2 771 2220
A12 | -CH(CH3)-NH-CsHs 102 33.13 752 3900
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Al3
Al4
AlS
Al6
Al7
Al

-O-CH2-C¢He
-CH2-O-C¢He
-NH-CH2-CsHs
-NH-CH(CH3)-CsHs
-CH2-NH-C¢Hs
-CH(CHs)-NH-CsHs

-8.98
-8.98

/ﬁ -9.78
k/ -9.06

-8.69
-8.23

261.86
263.27
68.05
229.48
430.27
924.8

-8.09
-7.35
-6.66
-7.16
-8.74
-8.3

1180
4090
13170
5600

394.36
825.5

3.3. Scaffold B (Xanthohumol-Derived Series): selective inhibition with reduced PI3K affinity

As can be seen in Table 3, members of B series which contain second scaffold are docked in active site of NF -
kB stronger than that of PI3K with the exception of Bl (R;= —O-CH,-C¢Hs and Ro= —CsH4sOH). Although these
cannot inhibit the NF-«xB protein as well as the A series member, they have less effect on PI3K and represent a better
selectivity. As can be seen, the best result belongs to B10 (R ;= -NH-CH(CH3)-C¢Hgs and Ro,= —CsH4N) that E and K;
are equal to -9.42 kcal.mol™! and 123.56 nM respectively, on binding to the NF-xB active site and -6.21 kcal.mol"!
and 28120 nM on binding to the PI3K active site. Although no strong classical hydrogen bond was observed for
compound B10, the docking analysis revealed important electrostatic and weak polar interactions. In particular,
electrostatic interactions were observed between the OH group and the amide backbone of SER363, while the NH
group of the -NH-CH(CH3)-C6H6 side chain contributed to weak polar interactions with the C=0 group of GLY365.
However, B14 (Rj= —CH,-0-C¢Hs and Ry= —-NC4H;50) is a compound that interacts with PI3K (E= -6.17 kcal.mol"!

and K;=29810 nM) weaker in comparison with other the B series compound.

Table 3. The binding energy (E, in kcal.mol™!) and inhibition constant (Ki, in nM) of the B series compounds in the NF-kB and PI3K
active sites

PI3K
Ri E Ki
Bl -O-CH2-CsHs -7.64 2350 -8.14 1080
B2 -CH2-O-CsHs -8.31 804.39 -7.94 1510
B3 -NH-CH>2-C¢Hs -8.25 902.36 -8.07 1220
B4 -NH-CH(CHj3)-C¢Hs -8.77 373.18 -7.42 3620
B5 -CH2-NH-C¢Hs -8.29 833.39 -7.65 2450
B6 -CH(CH3)-NH-CsHs -8.34 764.86 -6.83 9830
OH
B7 -O-CH2-CsHs -8.93 282.73 -6.75 11310
B8 -CH2-O-CsHs -8.54 551.88 -7.99 1380
B9 -NH-CH2-CsHe -8.61 488.32 -7.04 6850
B10 -NH-CH(CH3)-CsHs -9.42 123.56 -6.21 28120
Bl11 -CH>-NH-CsHs N -8.54 551.53 -8.2 977.21
B12 -CH(CH3)-NH-C¢sHs 9.4 127.83 -7.16 5660
B13 -O-CH2-CsHs -8.47 621.54 -6.92 8510
B14 -CH2-O-CsHs -8.5 590.51 -6.17 29810
B15 -NH-CH2-CsHe -7.38 3880 -7.41 3700
B16 -NH-CH(CH3)-CsHs -8.99 255.54 -6.54 16020
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B17 -CH2-NH-C¢Hs \N -7.69 2320 -7.39 3840
B18 -CH(CH3)-NH-CsHs k/ -8.26 878.25 -6.71 12140
o

3.4. Scaffold C (hybrid LY294002—CAPE series): dual NF-kB and MDR inhibition

As can be seen in Table 4, the E and K; values of the third scaffold (C series) introduce those as suitable
candidates for the NF-kB inhibition with good selectivity. For example, the E and K; values of C5 (Ri=—-CH>-
NH-C¢Hg and Ro= —CsH4OH) are equal to -11.13 kcal.mol"' and 6.9 nM, so it is the best candidate, with also
reasonable results for PI3K (-6.56 kcal.mol'! and 14750 nM). The NH group of R, has a strong hydrogen bond
interaction with GLY365, and also has an electrostatic interaction with PRO365, but the OH group of —
CsH4+OH and the main scaffold bind to the phenylalanine and lysine residues, respectively, by electrostatic
interactions (see Figure 3). Eventually, these interactions make C5 a good drug-like candidate for the NF-«xB
inhibition, independent of PI3K with a large difference in binding energy (-4.57 kcal.mol™!) and inhibition
constant ( >10000 nM). For compounds C2, C6, C9, C11 and C17 as candidates, the OH groups in C1 and C6-
positions of scaffold are able to provide strong H-bonding and electrostatic interactions with specific residues
that play important role in inhibitory effect. A hydrogen bond interaction to ILE439 and electrostatic
interactions with arginine and glycine residues are observed for compound C11 (R = -CH,-NH-C¢Hg and Ry=
—CsH4N).

The C series compounds showed promising inhibitory activity against NF-«B. To evaluate the steric effect
of the substituent at the C12-position, two additional derivative series were considered. In the C’ series, the —
CH,—CH=C(CH3), group was replaced by H, whereas in the C” series this group was replaced by CHs. The
corresponding binding data are presented in Table 4. the data in the parenthesis and bold data are related to
C’and C" series, respectively. In spite of considerable decrease in steric hindrance in C12 -position, the results
do not improve on replacements. For example, E and K; are equal to -9.56 kcal.mol"! and 84.73 nM for C'5, -
10.02 kcal.mol"! and 45.12 nM for C"5, but are equal to -11.13 kcal.mol"! and 6.9 nM for C5. As can be seen
in Table 4, where R, is -NC4H3O or —CsH4N, the compounds are docked in the NF-kB active site more
convenient than the compounds in which R; is -CH,-CH-C(CH3),, and the trend is not similar to those in the
presence of —-C¢H4OH fragment. In the other hands, these compounds will be synthesized easier because a big
group in the C12-position and the presence of a ring in the C11-position make the synthesis hard. Some of
these compounds, such as C'1, C'10, C'16, C'18, C"3, C"6, C"12 and C"17 can be candidates for the NF-xB
inhibition with respect to a reasonable difference between the E (and K;) values for NF-kB and PI3K. The
differences between the K; values are higher than 10000 nM and between the E values are 3.65, 3.48, 3.47,
3.63,3.51, 3.47, 3.66 and 3.43 kcal.mol"! for the above-mentioned candidates, respectively.

Table 4. The binding energy (E, in kcal.mol™') and inhibition constant (Ki, in nM) of the C series compounds in the NF-«kB and
PI3K active sites.

o

HO (-CH,-CH-C(CHj),, H, CHj,

HO I I o Ry

R1
NF-xB PI3K
Ri R2 E Kj E Ki
Cl -O-CH2-CsHs -9.56(-9.96)-9.52 97.74(50.02)105.96 -7.14(-6.31)-6.95 5830(23760)13390
C2 | -CH»O-CeHe -10.47(-9.81)-10.04  21.0(64.04) 43.45 -6.96(-6.97)-6.92  7980(7750) 8410
C3 -NH-CH2-CsHe -9.86(-9.86)-9.8 58.84(56.62) 65.95 -7.36(-7.1) -6.29 4030(6200) 24710
C4 | -NH-CH(CH3)-CsHs -8.85(-10.06)-10.30  324.85(42.62)32.89  -7.83(-7.13)-7.22  1820(5900) 5130
C5 | -CH>-NH-CsHs 11.13(:9.65)-10.02  6.9(84.73) 45.12 -6.56(-6.61)-6.5  14750(14360) 17280
oH
C6 | -CH(CH3)-NH-CsHs -10.46(-9.95)-9.57  21.47(50.63)9691  -7.11(-7.19)-6.1  6110(5390) 33730
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-O-CH2-CsHs
-CH2-0-CsHs
-NH-CH2-CsHe
-NH-CH(CH3)-CsHe
-CH>-NH-CsHs
-CH(CH3)-NH-CeHe

-O-CH2-CsHs
-CH2-0-CsHs
-NH-CH2-CsHs
-NH-CH(CH3)-CsHe
-CH>-NH-CsHs
-CH(CH3)-NH-CeHe

-8.3(-10.03) -10.15
-9.96(-9.64) -9.65
-10.48(-9.88) -10.06
-8.89(-10.09) -10.34
-9.56(-9.44) -9.44
-8.45(-9.48) -10.1

-9.43(-9.45) -9.51
-9.65(-9.62) -9.42
-9.96(-9.67) -9.63
-9.27(-10.02) -9.96
-9.08(-9.7) -9.76
-9.64(-10.11) -9.55

817.84(44.11) 36.26
50.06(85.17) 84.78
20.47(57.19) 16.68
302.93(39.93) 26.54
98.73(121.21)119.95
643.69(111.79) 39.56

121.63(117.97) 107.7
84.39(89.23) 124.79
49.88(81.04) 87.69
160.23(45.5) 49.83
219.92(77.65) 70.45
85.44(38.83) 99.91

-7.31(-6.84) -7.73
-7.04(-6.43) -6.71
-7.7(-7.41) -1.56
-6.94(-6.61) -7.45
-6.35(-6.21) -6.24
-6.5(-6.72) -6.44

-7.13(-6.49) -6.95
-6.75(-6.9) -6.64

-7.34(-7.23) -7.04
-7.14(-6.55) -7.43
-6.58(-7.16) -6.33
-6.89(-6.48) -6.45

4370(9740) 2170
6940(19420) 11410
2270(3730) 2890
8120(14280)3580
22020(29700) 26640
17180(11790)19140

5890(17440)8000
11037(8760) 13480
4160(5000) 6900
5830(15700) 3600
15100(5670) 29970
8900(17720) 18820

*Data in parentheses correspond to the C’ series (H at the C12-position), whereas bold values correspond to the C” series (CH3 at

the C12-position)

3.5. Comparative docking analysis of NF-kB, PI3K, and P-glycoprotein

CAPE and XN are known to inhibit both NF-kB and P-glycoprotein, thereby exhibiting promising

therapeutic effects in cancer treatment. Therefore, the inhibitory potential of the newly designed compounds
against P-glycoprotein was compared with these reference molecules (Table 5). The results indicate that
several designed compounds exhibit stronger predicted inhibitory activity toward P-glycoprotein than the
reference inhibitors, suggesting their potential to reverse multidrug resistance. For example, C2 (R = —CH>-
0-C¢Hg and Ro= —C¢H4OH) and C9 (R;= -NH-CH,-CsHs and Ro= —CsH4N) are the best inhibitors for the P-
glycoprotein, where K; values are equal to 350.86 and 414.03 nM, respectively. The best docked
conformations of them around the active site surfaces of the NF-xB, PI3K and P-glycoprotein are shown in
Figure 3. The main interactions are two H-bonding of the OH and C=O groups of scaffolds with the
phenylalanine and glycine residues of C2 and two interactions between the OH groups of scaffolds with the

glutamine residues of C9.
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Figure 3. Docking of compounds, a) C2, b) C5 and ¢) C9 in the binding cavity of the NF-kB (first column), PI3K
(second column) and P-glycoprotein (third column).
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Table 5. The binding energy (E, in kcal.mol!) and inhibition constant (Ki, in nM) of selected compounds in the P-glycoprotein
active site.

Compound E Ki compound E Ki
A5 -7.51 3150 Cc'10 -7.92 1560
B10 -7.24 4890 C'16 -7.48 3300
C2 -8.81 350.86 C'18 -7.5 3170
C5 -8.31 811.94 Cc"3 -7.52 3090
Cé6 -8.29 842.09 C"”6 -8.33 787.43
(Y -8.71 414.03 C"12 -7.21 5180
C11 -8.62 481.09 C"17 -8.17 1030
C17 -8.37 734.88 CAPE -6.12 32850
C'1 -1.7 2280 XN -7.41 3710

3.6. Identification of lead compounds

Lead compound selection was based on a combined evaluation of three parameters, including binding
affinity toward NF-«B, selectivity relative to PI3K, and predicted inhibitory activity against P-glycoprotein.
According to Table 4, C5 emerged as the most potent inhibitor of NF-«xB, with a binding energy of —11.13
kcal.mol™ and a very low inhibition constant (K; = 6.9 nM). Importantly, its affinity toward PI3K is much
weaker (E = -6.56 kcal.mol!, K; = 14,750 nM), corresponding to more than a 2000-fold difference in
selectivity. This pronounced gap highlights C5 as a highly selective NF-kB inhibitor. Moreover, as shown in
Table 5, C5 also demonstrates reasonable inhibitory activity against P-glycoprotein (E = —8.31 kcal.mol"!, K;
= 811.94 nM), which suggests that it may reduce drug efflux and consequently enhance intracellular drug
accumulation. Taken together, these results indicate that C5 is not only a strong and selective NF -kB inhibitor
but also a promising candidate to overcome multidrug resistance, thereby introducing it as a novel agent with
dual therapeutic potential.

4. Conclusion

Direct inhibition of NF-«kB activation remains an important strategy for developing selective therapeutic
agents in both academic and industrial research. However, many previously reported natural NF -kB inhibitors
suffer from limited selectivity toward PI3K or insufficient ability to reverse multidrug resistance. To address
these limitations, we designed a series of novel compounds by integrating structural fragments derived from
natural NF-kB inhibitors. Among the designed molecules, the C series exhibited the highest selectivity toward
NF-«xB over PI3K based on binding energy and inhibition constant analyses. Additional C’' and C” derivatives
were also evaluated to investigate steric effects at the C12-position. Furthermore, docking studies against P-
glycoprotein revealed that compounds C2, C5, and C9 may possess multidrug resistance—reversing activity.
Collectively, these findings highlight the effectiveness of our fragment-based design strategy for developing
multifunctional NF-xB inhibitors with potential applications in cancer therapy and inflammatory disorders.
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