
Bioorganic & Medicinal Chemistry Letters 19 (2009) 2116–2120
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Relationships between the structures of flavanone derivatives
and their effects in enhancing Early growth response-1 gene expression

Sunhee Lee a, Yoonkyung Woo a, Soon Young Shin b, Young Han Lee b,*, Yoongho Lim a,*

a Division of Bioscience and Biotechnology, BMIC, RCD, Konkuk University, Seoul 143-701, Republic of Korea
b Department of Biomedical Science and Technology, RCTC, Konkuk University, Seoul 143-701, Republic of Korea

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 January 2009
Revised 3 March 2009
Accepted 5 March 2009
Available online 10 March 2009

Keywords:
QSAR
Flavanone
0960-894X/$ - see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.bmcl.2009.03.017

* Corresponding authors.
E-mail addresses: yhlee58@konkuk.ac.kr (Y.H. Lee

Lim).
To identify the structural requirements that are pivotal in enhancing Early growth response-1 (Egr-1)
expression, the quantitative relationships between the structural properties of flavanone derivatives
and their increments of Egr-1 expression were elucidated using comparative molecular field analysis
and comparative molecular similarity indices analysis.
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Early growth response-1 (Egr-1) is an immediate-early response
gene encoding a Cys2-His2-type zinc-finger transcription factor,
which is induced rapidly by diverse extracellular stimuli, including
genotoxic stress, injury, cytokines, and mitogens.1 Egr-1 controls
cell growth and apoptosis in many cell types by regulating the
expression of genes such as p53, p21Waf1/Cip1, transforming
growth factor-b1, phosphatase and tensin homolog gene, growth
arrest- and DNA damage-inducible gene, GADD45, and fibronec-
tin.2,3 Egr-1 is poorly or not expressed in certain tumor cells, and
the lack of Egr-1 expression is closely associated with tumor for-
mation.4 In contrast, ectopic overexpression of Egr-1 in tumor cells
results in the suppression of cell proliferation and tumorigenicity.5

These findings support the notion that Egr-1 functions as a tumor
suppressor. Based on these studies, compounds capable of enhanc-
ing Egr-1 expression can be applied as an indicator to screen can-
didates for anticancer therapy.

Many natural products, such as curcumine and platycodon D
are known to regulate Egr-1.6,7 Other natural products, such as
naringenin, hesperetin, and hesperidin exhibit inhibition of human
breast cancer cell proliferation, cell cycle arrest, and reduction of
in vivo metastatic potential, respectively.8–10 Therefore, we tested
whether these compounds, which all belong to the flavanone sub-
group, can induce Egr-1 expression. Flavanone is a member of the
flavonoids, which are polyphenol compounds found in plants as
secondary metabolites. Typically, people uptake about 50–
150 mg/day of flavonoids from vegetables, fruits, and other food
sources.11 Based on structural diversity, flavonoids are divided into
All rights reserved.
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several subgroups. One of these subgroups, flavanone, has a chro-
man-4-one moiety and is known to have an inhibitory effect on tu-
mors.12 As noted, naringenin, hesperetin, and hesperidin belong to
the flavanone subgroup, yet they exhibit different biological activ-
ities. Studies on the relationships between the structures of flava-
none compounds such as naringenin, hesperetin, and hesperidin
and their effects on Egr-1 expression may help us to design com-
pounds that are more effective in Egr-1 expression. The goal of this
study was to determine the structural requirements that are piv-
otal in enhancing Egr-1 expression.

To investigate the relationships between the structures of the
compounds and their biological activities, the biological activities
of the test compounds were first examined. Increments of Egr-1
expression were determined for 37 flavanone derivatives using
transient transfection, promoter reporter assay,13 and Western blot
analyses.14 The three-dimensional quantitative structure–activity
relationships (3D-QSAR) were examined using the SYBYL 7.3 pro-
gram.15 The 37 compounds were divided into two groups: a train-
ing set of 29 compounds to create QSAR models, and a test set of
eight compounds (30–37 in Table 1) to validate the models. The
structures of the 37 flavanone derivatives and their effects on
Egr-1 expression are given in Table 1.

All flavanone derivatives were purchased from Indofine Chemi-
cal Co. Inc. (Hillsborough, NJ). Naringenin and hesperetin, but not
dihydrorobinetin and pinocembrin, significantly increased the
Egr-1 expression. To investigate the relationship between the
structures of flavanone derivatives and their effects on Egr-1
expression, computational methods were applied.

Flavonoids consist of a C6–C3–C6 skeleton. In the case of flava-
none, the C6–C3–C6 skeleton is composed of three rings named A-,
C-, and B-rings, respectively. The 3D structures of the compounds
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Table 1
Structures of the 37 flavanone derivatives and their effects on Egr-1 expression

O

R1

OR2

R3

R4

R5
R6

R7

R8

R9

Training set Nomenclature R1 R2 R3 R4 R5 R6 R7 R8 R9 Biological activity

1 5,7,40-Trihydroxyflavanone (naringenin) H OH H OH H H H OH H 1.2
2 5,7,30-Trihydroxy-40-methoxy flavanone (hesperetin) H OH H OH H H OH OMe H 2.4
3 5,7-Dihydroxy-30 ,40 ,50-trimethoxyflavanone H OH H OH H H OMe OMe OMe 1.2
4 3,7,30 ,40 ,50-Pentahydroxyflavanone (dihydrorobinetin) OH H H OH H H OH OH OH 0.7
5 6,20-Dihydroxyflavanone H H OH H H OH H H H 1.2
6 5,7,30 ,40-Tetrahydroxyflavanone (eriodictyol) H OH H OH H H OH OH H 2.1
7 3,5,7,30 ,40-Pentahydroxyflavanone OH OH H OH H H OH OH H 1.3
8 3,7,3040-Tetrahydroxyflavanone OH H H OH H H OH OH H 1.3
9 20-Hydroxyflavanone H H H H H OH H H H 4.2

10 30-Hydroxyflavanone H H H H H H OH H H 6.7
11 6-Hydroxyflavanone H H OH H H H H H H 1.3
12 7-Hydroxyflavanone H H H OH H H H H H 2.1
13 5-Methoxyflavanone H OMe H H H H H H H 3.6
14 7-Methoxyflavanone H H H OMe H H H H H 1.1
15 30 ,40-Dimethoxyflavanone H H H H H H OMe OMe H 4.3
16 5,7-Dimethoxyflavanone H OMe H OMe H H H H H 1.9
17 40-Hydroxy-30-methoxyflavanone H H H H H H OMe OH H 5.1
18 6,20 ,30-Trimethoxyflavanone H H OMe H H OMe OMe H H 3.9
19 6,20 ,40-Trimethoxyflavanone H H OMe H H OMe H OMe H 1.5
20 6,30 ,40-Trimethoxyflavanone H H OMe H H H OMe OMe H 0.7
21 40-Methoxyflavanone H H H H H H H OMe H 1.2
22 6,30-Dimethoxyflavanone H H OMe H H H OMe H H 2.5
23 5,7,40-Trimethoxyflavanone H OMe H OMe H H H OMe H 0.7
24 7,30 ,40 ,50-Tetramethoxyflavanone H H H OMe H H OMe OMe OMe 1
25 5,40-Dihydroxy-7-o-methoxyflavanone H OH H OMe H H H OH H 0.4
26 8-Chloroflavanone H H H H Cl H H H H 1.7
27 8-Chloro-40-fluoroflavanone H H H H Cl H H F H 2.4
28 6-Chloro-40-methylflavanone H H Cl H H H H Me H 0.8
29 8-Chloro-40-methylflavanone H H H H Cl H H Me H 1.3

Test set
30 5,7,40-Trihydroxy-30-methoxyflavanone (homoeriodictyol) H OH H OH H H OMe OH H 1.2
31 5,7-Dihydroxyflavanone (pinocembrin) H OH H OH H H H H H 0.4
32 Flavanone H H H H H H H H H 2.3
33 40-Hydroxyflavanone H H H H H H H OH H 1.4
34 6-Methoxyflavanone H H OMe H H H H H H 1.6
35 5-Hydroxy-7-methoxyflavanone H OH H OMe H H H H H 1.6
36 7-Hydroxy-5-methoxyflavanone H OMe H OH H H H H H 1
37 6-Chloro-30 ,40-dimethoxyflavanone H H Cl H H H OMe OMe H 0.7

Biological activity is the level observed when treated with the compounds compared to the level of the control, in which the control level without flavanone compounds was
considered as 1.
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used here were then determined. In this experiment, an ab initio
method was adapted using the GAUSSIAN 98 program. Because all
37 compounds used in this experiment have chromen-4-one, the
calculation was performed ab initio.16 This structure agreed with
the A- and C-rings of naringenin obtained from X-ray crystallogra-
phy as a ligand for multidrug binding protein Ttgr (PDB code
2UXU).17 All compounds were built up using chrome-4-one, and
then subjected to energy minimization.

All compounds were aligned using the DATABASE Alignment
module in the SYBYL program. In the alignment procedure, com-
pound 10, showing the best activity value, was used as a template
and the atom-based root mean square (rms) fit method with
DATABASE ALIGN option in SYBYL was adapted.17 A training set
was used for comparative molecular field analysis (CoMFA).18

Since comparative molecular similarity indices analysis (CoMSIA)
can calculate the steric and electrostatic fields as well as the hydro-
phobic, hydrogen bond (H-bond) donor, and H-bond acceptor
fields, the contour maps obtained from CoMSIA were useful.19

The partial least square (PLS) analysis was carried out to examine
the correlation between the biological activities and descriptors
showing the physicochemical properties of the compounds.20

Among the several models generated from CoMFA, the model
showing the best cross-validated value (q2 = 0.687) was chosen.17

To establish a linear relationship between the biological activity



Figure 1. Correlation between experimental and predicted values from the CoMFA
model.
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and the resulting field matrix of the compounds, PLS analysis was
carried out. The cross-validated analysis was performed using the
leave-one-out (LOO) method. The final non-cross-validated (r2)
analysis was performed using the optimal number of components
obtained from the LOO method. In this experiment, the r2 value
was 0.914. The best CoMFA model was obtained with a region
focusing method. To check the CoMFA model, the activities of the
compounds contained in the training set were predicted and com-
pared to the experimental data (Fig. 1). The residual values be-
tween the experimental and predicted values for the training set
ranged from 0.012 to 1.293.17 Since the biological data used in this
experiment were obtained from a cell-based assay, the range of er-
ror could be larger than that obtained with a molecular assay. To
validate the QSAR model, a test set was selected. The residual val-
Figure 2. CoMFA contour maps. The corresponding steric and electrostatic field contribu
(more bulk favored) and yellow (less bulk favored), while the electrostatic field contou
substituent favored).
ues between the experimental and predicted values for the test set
were less than 1.739.17

Among the several models generated from CoMSIA, the model
displaying the best cross-validated value (q2 = 0.594) was se-
lected.17 The corresponding r2 was 0.909. The residual values be-
tween the experimental and predicted values for the training set
ranged from 0.002 to 1.455.17 The residual values between the
experimental and predicted values for the test set were less than
2.148.17

To visualize the relationships between the structures and their
activities, CoMFA contour maps were generated using SYBYL 7.3. The
steric and electrostatic contributions are depicted in Figure 2. In
the case of the steric field, the steric bulky favored region contrib-
uted 65% and the disfavored region 35% (Fig. 2). The bulky favored
region contained the 20- and 30-positions of the B-ring and the 5-
position of the A-ring; the bulky disfavored region included the
6-position of the A-ring. In the electrostatic field, the electronega-
tive favored region contributed 65% and the electropositive favored
region 35%. The electropositive region contained the 40-position of
the B-ring and the 5- and 6-positions of the A-ring.

To obtain information on the steric, electrostatic, and hydro-
phobic properties, CoMSIA contour maps were generated (Fig. 3).
Even though CoMSIA can give information about the steric and
electrostatic fields, as well as the hydrophobic, hydrogen bond
(H-bond) donor, and H-bond acceptor fields, the result in this
experiment provided from the CoMSIA calculations gave us infor-
mation about the steric, electrostatic, and hydrophobic fields.

In the case of the steric field, the steric bulky favored region
contributed 80% and the disfavored region 20%. The bulky favored
region contained 20- and 30-positions of the B-ring and the 5-posi-
tion of the A-ring; the bulky disfavored region was near the 40-po-
sition of the B-ring and the 6-position of the A-ring. In the
electrostatic field, the electronegative favored region contributed
78% and the electropositive favored region 22%. The electropositive
region contained the 40-position of the B-ring and the 6-position of
the A-ring, while the electronegative region was near the 20-and 30-
positions of the B-ring. The steric and electrostatic contour maps
tions are 85.8% and 14.2%, respectively. The steric field contours are shown in green
rs are shown in red (electronegative substituent favored) and blue (electropositive



Figure 3. CoMSIA contour maps. More bulk favored (green), less bulk favored (yellow), electronegative favored (red), electropositive favored (blue), hydrophobic favored
(orange), and hydrophilic favored (white) contours are shown in CoMSIA contour maps. The corresponding field contributions of steric, electrostatic, and hydrophobic are
11.1%, 55.3%, and 33.6%, respectively.
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from CoMSIA analysis were generally in accordance with the CoM-
FA contour maps. Thus, the CoMSIA result focused on the hydro-
phobic field. The hydrophobic contour map indicates orange
contours (hydrophobic substituent favored) and white contours
(hydrophilic substituent favored). In the case of the hydrophobic
field, the hydrophobic favored region contributed 80% and the
hydrophilic region 20%. The hydrophobic favored region contained
the 3-position of the C-ring, and the 6- and 7-positions of the A-
ring; the hydrophilic region was near the 20- and 30-positions of
the B-ring.

The ranges of residuals obtained from the experimental and
predicted values were not small. Hence, to determine whether
the results obtained were reliable, human cervix carcinoma HeLa
cells were either untreated or treated with different concentrations
of compounds (10, 20, or 40 lM) for 1 h and the level of Egr-1
expression was examined by Western blot analysis. As shown in
Figure 4, the level of Egr-1 increased substantially upon treatment
with 9, 10, or 13, of which the predicted values were 3.930, 5.756,
or 4.283, respectively. These data suggest that the predicted values
deduced from CoMFA and CoMSIA models can be used to predict
the unknown property in Egr-1 gene expression.

Flavonoids such as (�)-epicatechin gallate, quercetin, and geni-
stein are involved in regulating Egr-1.21–23 Of flavanones, pinocem-
brin and naringenin induce apoptosis, but the effects of flavanone
on Egr-1 expression are not fully understood.24,25 Here, the authors
report the effects of 37 flavanone derivatives on the level of Egr-1
Figure 4. Human cervix carcinoma HeLa cells either untreated or treated with
different concentrations of compounds (10, 20, or 40 lM) for 1 h and the level of
Egr-1 expression was examined by Western blot analysis.
expression. In particular, the relationships between the structural
properties of flavanones and their effects on Egr-1 obtained in this
experiment may help to better design a novel compound that can
effectively induce Egr-1 expression.
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