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The transcription factor NF-kB regulates diverse biological activities, such as inflammatory responses, cell
proliferation, and cell survival. Isoflavones are known to have anti-inflammatory and anti-tumor activi-
ties, due, in part, to inhibition of NF-kB activity. However, the structural moiety of isoflavones responsible
for the inhibition of NF-kB is not clearly understood. In this work, structure-activity relationships of iso-
flavone derivatives were examined with regard to NF-kB inhibition, using CoMFA and CoMSIA. The
results show that substituents at the C-7 and C-4’ positions are crucial for the inhibition of TNFa-induced
transcriptional activity of NF-kB.

© 2010 Elsevier Ltd. All rights reserved.

NF-kB is a pivotal transcription factor that regulates the expres-
sion of a variety of proteins that promote inflammatory responses,
including pro-inflammatory cytokines, chemokines, cyclooxygen-
ase 2, matrix metalloproteinases,' and carcinogenesis.> NF-kB ex-
ists as either a homodimer or heterodimer, and is composed of
several subunits, including NF-kB1 (p50/p105), NF-kB2 (p52/
p100), RelA (p65), RelB, and c-Rel.> NF-kB activation is tightly con-
trolled through the proteolysis of IkB proteins, a family of endoge-
nous inhibitors.? In resting cells, NF-kB is present in the cytoplasm
in an inactive form, bound to IkB proteins.’ In response to various
stimuli, IkB kinase (IKK) is activated and phosphorylates IxB. The
phosphorylated 1B is then ubiquitinated and degraded through
a proteosome-dependent pathway,® resulting in the release of
NF-kB. The released NF-kB immediately translocates to the nu-
cleus where it activates target genes promoters, encoding cyto-
kines, growth factors, cell adhesion molecules, and anti-apoptotic
proteins.”® Although appropriate NF-kB activation is important
for normal cellular proliferation and immune responses, deregu-
lated activation of NF-kB has been linked to diverse inflammatory
disorders, such as autoimmune arthritis, septic shock, lung fibrosis,
asthma, and atherosclerosis.® In addition to a role in the inflamma-
tory responses, aberrant activation of the NF-kB pathway has been
identified in tumor microenvironments and has been implicated in
the development of some human cancers.>!%!'! Indeed, high levels
of NF-kB are frequently observed in association with, among oth-
ers, breast, ovarian, uterine cervix, prostate, skin, esophagus, and
colon cancers.'? There is accumulating evidence that compounds
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that suppress the NF-kB pathway, such as glucocorticoids and
aspirin, can reduce inflammatory responses and act as therapeutic
agents in the treatment of inflammation and cancer.'?> Some iso-
flavones, such as genistein and puerarin (8-C-glucoside of daidz-
ein), have been shown to inhibit NF-xB activation.’>~!> However,
the relationship between the structure of a given isoflavone and
the inhibition of NF-kB activity is not well understood. The goal
of this investigation was to analyze the structure-activity relation-
ships (SAR) of isoflavone derivatives and to identify the structural
moiety responsible for their anti-inflammatory effects.

One of the well-known pathways that activate NF-kB is the tu-
mor necrosis factor o (TNFa) receptor-mediated signaling path-
way.'® TNFo is a pro-inflammatory cytokine, that is, produced by
a variety of cell types, including immune cells, endothelial cells,
fibroblasts, and neuronal tissues.!” TNFo regulates cell prolifera-
tion, differentiation, apoptosis, and immune responses, and also
plays a critical role in tumor invasion and metastasis.'®-2° This Let-
ter details the effects of 23 isoflavone derivatives on the inhibition
of TNFa-induced NF-xB activation and correlates isoflavone activ-
ity with three-dimensional quantitative structure-activity rela-
tionships (3D-QSAR).

Isoflavone derivatives were purchased from Indofine Chemical
Co. Inc. (Hillsborough, NJ). Inhibitory potency was evaluated by
measuring the NF-kB-dependent transcriptional activity using
the NF-xB cis-acting luciferase reporter system. Briefly, HCT116
cells were transiently transfected with 5 x NF-xB-Luc reporter
plasmid for 72 h, followed by the addition of 10 ng/mL TNF« in
the absence or presence of each tested compound (10 uM). After
12 h, the cells were collected and the NF-kB-dependent transcrip-
tional activity was measured using a luciferase activity assay.?!
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Isoflavones have a C6-C3-C6 skeleton (A-, C-, and B-rings), where
C6-C3 comprise a 4H-chromen-4-one and C6 corresponds to a
benzene ring attached at the C3 position. The structures of these
isoflavone derivatives and their inhibitory effects on NF-kB-depen-
dent transcription induced by TNFa are listed in Table 1.

Although all of the isoflavones contain the same core structure,
the observed biological activities against TNFa-induced NF-xB
activation varied, most likely due to the varying substituents. To
identify the SAR responsible for the inhibition of NF-kB, 3D-QSAR
was performed using the Sybyl 7.3 software. Twenty-three com-
pounds were divided into two groups: a training set used to gener-
ate QSAR models, and a test set (compounds 1 and 20 in Table 1)
used to validate the models.

The structures in Table 1 were constructed based on the X-ray
crystallographic structure of 4’-hydroxy-7-methoxyisoflavone
used as a ligand for chalcone O-methyltransferase (PDB code
1FP2).2% The first two rings of the C6-C3-C6 skeleton constitute
a 4H-chromen-4-one. Thus, 3D structures of all the compounds
could be built using the molecular mechanics algorithms provided
by Sybyl 7.3. Each structure was subjected to energy minimization,
terminated upon the convergence of total energy (0.05 kcal/mol A).
Because there is a rotational bond between the C-ring and B-ring,
systematic conformational searches were performed in Sybyl to
determine the conformer with the lowest energy.

All compounds were aligned using the Sybyl/DATABASE Align-
ment module. In the alignment procedure, 5,7,3’,4’-tetramethoxyi-
soflavone, which exhibited the highest inhibitory activity, was
used as a template and the atom-based root mean square (rms)
fit method was adapted with the Sybyl/DATABASE ALIGN option.??
Aligned structures are given in the Supplementary data.?*

Table 1
Structure of 23 isoflavone derivatives and biological activity

A training set was used for comparative molecular field
analyzes (CoMFA).??> The model showing the best cross-validated
correlation coefficient (q® = 0.789) was chosen for further analyzes.
Partial least square (PLS) analyzes were performed to establish a
linear relationship between the biological activity and the resulting
field matrix of the compounds. The cross-validated analyzes were
performed using the leave-one-out (LOO) method. The final non-
cross-validated (1% = 0.913) analysis was performed using the opti-
mal number of components (2) obtained from the LOO method. In
the PLS analysis, the standard error of estimate and F values were
0.196, and 94.879, respectively. The best COMFA model was ob-
tained using a region-focusing method. CoMFA models were eval-
uated by predicting the activities of each compound, based on the
model, and comparing the predictions with experimental data.?*
Residuals between the experimental and predicted values for the
training set ranged from 0.009 (1.7%) to 0.422 (40%).2* Because
the biological data used in this experiment were obtained from
cell-based assays, the error range may be larger than that obtained
with a molecular assay. To validate the QSAR model, two deriva-
tives were selected as a test set.

To visualize the relationship between structure and activity,
CoMFA contour maps were generated using Sybyl 7.3. The steric
and electrostatic field descriptors contributed 25.6% and 74.4%,
respectively. Of the steric field contributors, the bulky favored
and disfavored regions contributed 22% and 78%, respectively
(Fig. 1). The bulky favored region consisted of the 5-position of
the A-ring, the 3’-positions of the B-ring, and the 2-position of C-
ring; the bulky disfavored region included the 7-position of the
A-ring. Of the electrostatic field contributors, the electronegative
and electropositive favored regions contributed 17% and 83%,

Nomenclature R! R? R® R* R® R® R’ Biological activity

Training set

2 5,4'-Dihydroxy-7-methoxyisoflavone OH H OMe H H H OH 0.34
3 3',4’-Dimethoxy-7-hydroxyisoflavone H H OH H H OMe OMe 2.53
4 6,4’-Dimethoxy-7-hydroxyisoflavone H OMe OH H H H OMe 2.37
5 5,7,3',4’-Tetramethoxyisoflavone OMe H OMe H H OMe OMe 0.19
6 6,7,3',4'-Tetramethoxyisoflavone H OMe OMe H H OMe OMe 0.40
7 7,8,4'-Trihydroxyisoflavone H H OH OH H H OH 1.22
8 7,8,4'-Trimethoxyisoflavone H H OMe OMe H H OMe 0.95
9 7,3’ 4'-Trimethoxyisoflavone OH H H H H H H 0.45
10 4'-Bromo-5,7-dimethoxyisoflavone OMe H OMe H H H Br 0.25
11 6-Chloro-7-methylisoflavone H Cl Me H H H H 0.32
12 2'-Chloro-5,7-dimethoxyisoflavone OMe H OMe H Cl H H 0.54
13 3’-Chloro-5,7-dimethoxyisoflavone OMe H OMe H H Cl H 0.63
14 4'-Chloro-5,7-dimethoxyisoflavone OMe H OMe H H H Cl 0.61
15 6-Chloro-4’,7-dimethoxyisoflavone H Cl OMe H H OH OMe 0.54
16 4'-Chloro-7-hydroxy-8-methylisoflavone H H OH Me H H Cl 1.04
17 4'-Chloro-7-methoxy-8-methylisoflavone H H OMe Me H H Cl 0.63
18 2',6-Dichloro-7-methoxyisoflavone H Cl OMe H Cl H H 0.54
19 4',7-Dimethoxy-8-methylisoflavone H H OMe Me H H OMe 0.62
21 7-Methoxy-8-methylisoflavone H H OMe Me H H H 0.23
22 7-Methyl-2',4’,6-trichloroisoflavone H Cl Me H Cl H Cl 0.27
23 5-Methyl-7-methoxyisoflavone Me H OMe H H H H 0.67
Test set

1 7-Methoxyisoflavone H H OMe H H H H 0.36
20 7-Hydroxy-8-methylisoflavone H H OH Me H H H 0.45
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Figure 1. CoOMFA contour maps. The corresponding steric and electrostatic field contributions were 25.6% and 74.4%, respectively. The steric field contours are shown in green
(more bulk-favored) and yellow (less bulk-favored), while the electrostatic field contours are shown in red (electronegative substituent-favored) and blue (electropositive

substituent-favored).

respectively. The electropositive region contained the 7-position of
the A-ring and the 4’-position of the B-ring.

Comparative molecular similarity indices analyzes (CoMSIA)
were used to calculate contour maps (Fig. 2), describing the steric
and electrostatic fields as well as the hydrophobic, and hydrogen
bond (H-bond) donor and acceptor fields.?? A partial least squares
(PLS) analysis was used to determine correlations between biolog-
ical activity and descriptors of the physicochemical properties of
each compound. The model displaying the best cross-validated va-
lue (g% = 0.540) was selected for further analyzes. The correspond-
ing r? was 0.970. The number of components, the standard error of
estimate, and F value were 6, 0.130, and 76.652, respectively. The
CoMSIA calculations revealed steric, electrostatic, and H-bond
acceptor fields contributions of 14.9%, 61.8%, and 23.2%, respec-
tively. Of the steric contributions, the steric bulky favored region
contributed 5% and the disfavored region, 95%. The bulky disfa-
vored region contained the 8-position of the A-ring. In the electro-
static field, the electronegative-favored region contributed 79% and

Figure 2. COMFA contour maps show contributions from more bulk-favored
(green), less bulk-favored (yellow), electronegative-favored (red), electropositive-
favored (blue), H-bond acceptor-favored (magenta), and H-bond acceptor (cyan)
regions. The corresponding field contributions of steric, electrostatic, and H-bond
acceptor fields were 14.9%, 61.8%, and 23.2%, respectively.

the electropositive-favored region, 21%.2°> The electropositive re-
gion contained the 7-position of the A-ring. The steric and electro-
static contour maps from these CoMSIA analyzes were generally in
accordance with the COMFA contour maps. Thus, the CoMSIA re-
sults focused on the H-bond acceptor field. The hydrophobic field
consisted of H-bond acceptor-favored and -disfavored regions,
contributing 95% and 5%, respectively. The H-bond acceptor-fa-
vored region contained the 7-position of the A-ring; the H-bond
acceptor-disfavored region was near the 4’-positions of the B-ring.

The inhibitory activity of isoflavones was further demonstrated
with 5,7,3',4’-tetramethoxyisoflavone, which was most effective in
inhibiting TNFo-induced NF-xB activity. Its effect on TNFo-in-
duced nuclear translocation of NF-kB was examined by Western
blot analysis.?® The level of p65 NF-kB in the nuclear fraction in-
duced by TNFa was significantly reduced by pretreatment with
5,7,3',4'-tetramethoxyisoflavone (Fig. 3A). Furthermore, 5,7,3',4'-
tetramethoxyisoflavone also prevented TNFa-induced mRNA
expression of NF-kB target genes, such as CXC motif ligand 1
(CXCL1), X-linked inhibitor of apoptosis (XIAP), and mammalian
IAP homolog C (CIAP2; Fig. 3B-D), as revealed by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analyzes.?” These results
suggest that isoflavones prevent NF-kB-dependent transcriptional
activity induced by TNFoL.

Based on the results obtained from CoMFA and CoMSIA ana-
lyzes, a possible binding site for isoflavones is shown in Figure 4.
Although there is no information about the target of isoflavone
activity, it can be inferred that R of the A-ring and R of B-ring re-
quire electrostatic sites, while the oxygen atom of the C-ring, R® of
A-ring, and R’ of B-ring represent H-bonding sites.

In conclusion, a QSAR study of isoflavone derivatives revealed
that the substituents at C-7 and C-4' are necessary for controlling
NF-kB-dependent transcriptional activation induced by TNFo.
NF-kB is an attractive molecular target in controlling diverse disor-
ders because various inflammatory stimuli can activate NF-kB and
aberrant activation is involved in a variety of pathogeneses, includ-
ing inflammatory disorders and tumor development.?® Indeed, iso-
flavone derivatives, such as genistein and daidzein, are known to
protect against breast cancer, prostate cancer, and osteoporo-
sis.?9731 Thus, isoflavone derivatives that inhibit the TNFo-induced
transcriptional activation of NF-kB may represent promising
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Figure 3. The effect of 5,7,3',4'-tetramethoxyisoflavone (TMI) on the inhibition of TNFo-induced NF-kB activity is shown. (A) Effect of 5,7,3',4'-tetramethoxyisoflavone on the
level of p65 NF-kB in the nuclear fraction. The effects of 5,7,3',4’-tetramethoxyisoflavone on the mRNA expression of NF-kB target genes (B) CXCL1, (C) XIAP, and (D) CIAP2.
The results are presented as the mean, with error bars representing one standard deviation (n =6, *, P <0.05).
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Figure 4. A molecular binding diagram deduced from CoMFA and CoMSIA results.
——— and nnnnn denote electrostatic and H-bonding sites, respectively.

chemopreventative or chemotherapeutic agents. The current QSAR
study of isoflavones may be useful in the development of new com-
pounds for controlling inflammatory disorders and cancer.
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