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Flavonoids exhibit a broad range of biological activities including antibacterial activity. However, the mechanism
of their antibacterial activity has not been fully investigated. The antibacterial activity and membrane interaction
of 11 flavonoids (including 2 polymethoxyflavones and 4 isoflavonoids) against Escherichia coli were examined in
this study. The antibacterial capacity was determined as flavonoids > polymethoxyflavones > isoflavonoids.
Using fluorescence, it was observed that the 5 flavonoids rigidified the liposomal membrane, while the
polymethoxyflavones and isoflavonoids increased membrane fluidity. There was a significant positive
Flavonoids correlation between antibacterial capacity and membrane rigidification effect of the flavonoids. A quanti-
Antibacterial activity tative structure-activity relationship (QSAR) study demonstrated that the activity of the flavonoid compounds
E. coli can be related to molecular hydrophobicity (CLogP) and charges on C atom at position3 (C3). The QSAR model
Membrane interaction could be used to predict the antibacterial activity of flavonoids which could lead to natural compounds having
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important use in food and medical industry.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Flavonoids are widely present in the plant kingdom exhibiting a
broad range of biological activities, including antibacterial, antifungal,
antiviral, anti-allergic, anti-inflammatory, antiproliferative and antioxi-
dant activities [1-4]. Due to growing public concern regarding the
negative effects of antimicrobial drugs on human health and the
environment, there is a demand for novel antimicrobials. Flavonoids,
extracted from plants or obtained as byproducts at low cost from
waste residues, for example of the citrus industry, have potential value
in food and pharmaceutical industries. Previous studies have reported
on isolation and identification of flavonoids possessing antibacterial
activity rather than on mechanism [5-7]. Since the ability of flavonoids
to interact with membranes can greatly affect their bioactivities [8],
the antibacterial activity of flavonoids may be attributed to their
common mode of action on membranes. It has been reported that
sophoraflavanone G demonstrated antibacterial activity by reducing
membrane fluidity of bacterial cells [9]. A study also demonstrated
that galangin caused a significant increase in potassium loss from
Staphylococcus aureus cells, which may be attributed to either direct
damage to the cytoplasmic membrane or indirect damage effected
through autolysis/weakening of the cell wall and consequent osmotic
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lysis [10]. Therefore, it is important to characterize the relationship
between antibacterial activity of flavonoids and membrane interaction.

Structurally, most flavonoids are derived from the parent compound
exhibiting a diphenylpropane (C6-C3-C6) skeleton. Taking into
account the chemical nature of the molecule, and the positions of
moieties substituting rings A, B, and C, the flavonoids are divided into
different groups. Depending on the position at which the ring B is
attached to the benzo-y-pyrone core of the molecule, flavonoids (ring
B is bound at position 2 of ring C) and isoflavonoids (ring B is bound
at position 3 of ring C) are distinguished. The antibacterial activity of
flavonoids has been suggested to be related to their chemical structure,
especially the number and positions of methoxyl and hydroxyl groups
[11,12]. Therefore, the quantitative structure-activity relationship
(QSAR) of flavonoids is an important area of study. The QSAR approach
has been efficiently used for the study of biological mechanisms of
various reactive chemicals by which the molecular structures or proper-
ties are quantitatively correlated with variations in biological activity
[13].

In this study, the inhibitory activities of 11 commercially available
flavonoids against Escherichia coli, one of the most common pathogens
found in food were evaluated by microbroth dilution method.
Flavonoids (Fig. 1) were chosen according to various hydroxyl groups,
methoxyl groups or other substituents in the structure. To deter-
mine the mechanism involved in the antimicrobial action, large
unilamellar vesicles (LUVs) formed by mixtures of 1,2-dipalmitoyl-sn-
glycerophosphatidylcholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG) phospholipids were used as structural models
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Fig. 1. Structures of flavonoids used in this study.

of biological membranes, as it was reported that LUVs of DPPC/DPPG
mixtures could be used to simulate the membrane of Gram-negative
bacteria [14]. The interaction of flavonoids with the model membrane
was assessed by fluorescence polarization measurements. The observed
antibacterial capacities and the relationship between antibacterial
activity and membrane interaction of the tested flavonoids were further
evaluated through QSAR method.

2. Materials and methods
2.1. Bacterial strain

E. coli ATCC25922 was purchased from China Center of Industrial
Culture Collection.

2.2. Chemicals

Flavonoids including baicalein, chrysin, daidzein, genistin, kaempferol,
puerarin, quercetin, ononin, and luteolin, were purchased from Alad-
din Chemistry Co., Ltd. (Shanghai, China). Tangeritin was purchased
from National Institutes for Food and Drug Control (Beijing, China)
and 5,6,7,4'-tetramethoxyflavone from ChromaDex Co. (Irvine, US).
Phospholipids: 1,2-dipalmitoyl-sn-glycerophosphatidylcholine (DPPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) were obtained
from AVT Co., Ltd. (Shanghai, China). The fluorescent probe 1,6-diphenyl-
1,3,5-hexatriene (DPH) was from Sigma Aldrich Co. (Shanghai,
China). The flavonoid stocks were prepared in dimethyl sulfoxide
(DMSO) and the DPH stock solutions were prepared in N,N-
dimethylformamide. All other chemicals were of analytical grade.

2.3. Antibacterial activity

The antibacterial activity was measured as MICso which is defined as
the concentration that inhibits the growth of 50% of organisms. The
MICsq of each flavonoid was evaluated according to the microbroth
dilution method performed in 96-well micro-plates described by
Mandalari et al. [15] with minor modifications. Briefly, E. coli was
cultured in Mueller-Hinton Broth (MHB) and grown overnight at
37 °Cwith shaking (150 rpm). A 100 pL bacterial suspension containing
108 cfu/mL of the bacteria (density matching the turbidity of a 0.5
McFarland standard) was added to each well. Then, 100 pL of each
dissolved flavonoid stock was twofold serially diluted and transferred
to each well with the test performed in a final volume of 200 pL. The
same tests were performed for sterility control (MHB) and growth con-
trol (MHB + bacteria). The plates were covered and incubated for 16 h
at 37 °C with shaking (220 rpm). The absorbance at 600 nm was mea-
sured using a microplate reader (Multiskan Spectrum, Thermo) to de-
termine the bacterial growth. The inhibition ratio (%) was calculated
as follows:

%inhibition = 100% — | (Absorbance of test sample—Absorbance of control)

/Absorbance of control | x 100.

24. Liposome preparation

LUVs formed by mixtures of DPPC and DPPG were prepared by the
method of Wrobel et al. [16] with minor modifications. Briefly, lipids
(DPPC/DPPG = 1/2, V/V) were dissolved in a methanol chloroform
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(3:7,v/v) solution, then a mixture containing 500 pL lipids and 687.5 L
of the DPH stock (2 x 10~ mol/L) was dried under vacuum in a round-
bottomed flask. The molar ratio of DPH to total membrane lipids was
1:500. The dry films of lipids and DPH were sonicated in 1 mL
phosphate-buffered saline (PBS) buffer at 45 °C for 15 min. The suspen-
sion was then passed 19 times through 2 stacked polycarbonate filters
(pore size 100 nm) using a LiposoFast extruder (Avestin, Ottawa,
Canada) and diluted to 50 mL in PBS buffer. The final concentration of
lipids in the liposome was 0.135 mM.

2.5. Fluorescence spectroscopy

The ability of flavonoids to interact with membranes was evaluated
according to the method of Arora, Byrem, Nair and Strasburg [17] with
minor modifications. Briefly, an aliquot of the flavonoid solution was
added to the liposome suspensions to achieve final concentration of
50 uM for each, followed by incubation at 40 °C for 40 min. The volume
of DMSO was adjusted to be less than 0.5% (v/v) of the total volume,
which did not influence membrane fluidity. Fluorescence polarization
measurements were carried out with a FP-6500 Spectrofluorometer
(Jasco, Japan). The excitation and emission wavelengths were 360 nm
and 430 nm, respectively (slit width 5 nm). The fluorescence polariza-
tion values (FP) of the samples were calculated as:

FP = (Iyy —Glyy) /Iy + 2Glyy)

where Iyy and Iy are the vertical and horizontal fluorescence intensities
respectively, when the sample is excited with vertically polarized
light. The grating correction factor G = Iy / Iyy corrects the polarizing
effects of the monochromator.

2.6. Data analysis

All the experiments were performed in triplicate and the data
presented represent the mean values.

2.7. QSAR study

The geometric optimization of the 11 flavonoids was initially
performed by Sybyl 7.3 software (Tripos Inc., USA). Then the stable
geometric structures of these compounds were further optimized
using the DFT calculations at the level of Becke's 3-parameter hybrid
functional (B3LYP) and 6-31G basis set. The quantum-chemical param-
eters for each molecule were performed by Gaussian 03 program
package. The molecular properties and topological descriptors were cal-
culated applying the Molconn-Z module (Tripos Inc., USA). Biological
activity data determined as MICsq values were first transformed into
pPMICsq values (—log MICso) and used as dependent variables in the
QSAR study.

The correlation analysis was performed by SPSS (version 19) to select
the descriptors affecting the antibacterial activity. The descriptors with
higher correlation to pMICso and lower inter-correlation (|r| < 0.7)
were selected for the multiple linear regression analyses to establish
the QSAR model. The best QSAR model was selected on the basis of the
highest square of the correlation coefficients (R?), adjusted squared cor-
relation coefficient (Rzadj), Fisher ration value (F) and significance level
of the model p. The model was additionally validated by leave-one-out
cross-validation. For a reliable model, the square of cross-validation coef-
ficient (Q?) should be greater than 0.5. In addition, the dataset of the 11
flavonoids was randomly divided into a training set (9 compounds) and
a test set (2 compounds) to obtain a QSAR model with reliable external
validation. The QSAR model is of high predictive ability, only if the square
of predictive correlation coefficient (R%eq) for the test set is greater than
0.6 [18].

3. Results and discussion
3.1. Antibacterial activity

The tested flavonoids exhibited varying levels of antibacterial activity
against E. coli (Table 1). Flavonoids inhibited the growth of E. coli more in-
tensely than isoflavonoids. The highest inhibitors were kaempferol, quer-
cetin and chrysin, with MICso values of 25 pg/mL, 35.76 pg/mL and
36.72 pg/mL, respectively. The isoflavonoids ononin and puerarin, with
MICsq values of 712.5 pg/mL and 1500 pg/mL, had little effect on bacterial
inhibition, indicating that the basic structure of a flavonoid is more suited
for antibacterial activity than that of an isoflavonoid. The relative
antibacterial activities were determined as: kaempferol > quercetin >
chrysin > luteolin > baicalein > tangeritin > 5,6,7,4’-tetramethoxyflavone
and daidzein > genistin > ononin > puerarin.

Kaempferol and quercetin showed the highest antibacterial ability,
and quercetin exhibited stronger inhibitory activity than luteolin, with
the only structural difference between these 2 compounds being that
quercetin has a hydroxyl group at position 3 in the C ring, while luteolin
has none. This indicated that hydroxyl group at position 3 in the Cring is
important to the antibacterial activity of flavonoids, which is in agree-
ment with previous studies reporting that the absence of the hydroxyl
group at position 3 in flavonoids decreases their antioxidant and antimi-
crobial abilities [19,20].

It has been reported that methoxy groups decrease the antibacterial
activity of flavonoids [12]. In this study, tangeritin and 5,6,7,4’-
tetramethoxyflavone, the 2 polymethoxyflavones, showed lower
antibacterial activity than the flavonoids, indicating that 4 or 5 addition-
al methoxy groups in the A ring and B ring inhibit the growth of E. coli.
However, the methoxyl group at C-8 in the A ring appears to increase
antibacterial activity. Tangeritin showed higher activity than 5,6,7,4'-
tetramethoxyflavone, both having a similar structure except for the
methoxyl group at C-8 in the A ring. This result is consistent with previ-
ous studies reporting that the presence of a lipophilic group at position
8 improves the antibacterial and antifungal activity of flavonoids [21,22].

Among the 4 isoflavonoids, daidzein exhibited the highest inhibitory
ability, suggesting that the addition of the glucoside at C-7 and C-8 in
the A ring decreases the antibacterial activity of isoflavonoids.

3.2. Membrane interactivity

The membrane interactivity of flavonoids was evaluated by DPH po-
larization differences from controls (treated without flavonoids). An in-
crease in FP value indicates a decrease of membrane fluidity. As shown
in Table 1, the 5 flavonoids rigidified the model membrane, in the order
kaempferol > chrysin > quercetin > baicalein > luteolin; whereas the
polymethoxyflavones and isoflavonoids increased membrane fluidity,

Table 1
Antibacterial activity of flavonoids and fluorescence polarization of model membranes
treated with flavonoids.

Types of flavonoids MICsp  pMICsg AFP
(ng/
mL)
Flavonoid Chrysin 36.72 3.84 0.0151 4 0.0050
Kaempferol 25.00 4.06 0.0178 4 0.0030
Quercetin 3576 3.93 0.0041 £ 0.0019
Baicalein 7094 3.58 0.0055 4+ 0.0030
Luteolin 67.25 3.63 0.0006 + 0.0020
Polymethoxyflavone Tangeritin 1371 343 —0.0091 + 0.0001
5,6,74'- 1563 334 —0.0134 4 0.0007
Tetramethoxyflavone
Isoflavonoid Daidzein 1200 333 —0.0518 4 0.0002
Puerarin 1500 244 —0.0677 4+ 0.0010
Genistin 2380 3.26 —0.0188 + 0.0014
Ononin 7125 2.58 —0.0633 + 0.0003
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in the order puerarin > ononin > daidzein > genistin > 5,6,7,4'-
tetramethoxyflavone > tangeritin.

The membrane interaction effects of flavonoids were influenced by
the number and the position of hydroxyl groups. The hydroxyl group
at C-3 in the C ring is important for decreasing membrane fluidity,
with potency being kaempferol > chrysin and quercetin > luteolin.
This result corroborates a previous study that concluded the hydroxyl
group at C-3 is the primary determinant for significant membrane
interaction [23]. The flavonoids decreased the membrane fluidity
while the polymethoxyflavones increased fluidity. It is likely that the
difference can be attributed to higher saturation of the liposomes with
polymethoxyflavones compared to flavonoids (at the same concentra-
tion) resulting in domains or rafts formation in the membrane.

In our study, an increase in polarization was observed for most tested
flavonoids, while for isoflavonoids the polarization decreased. It was re-
ported that flavonoids incorporate into the interior of the lipid bilayers
and increase the ordering and dynamics in the membrane interior,
while isoflavonoids which do not contain hydrophobic prenyl chains in-
teract with the polar region of lipid bilayer or penetrate its polar/apolar
interface with the hydrophobic core not directly affected [24,25]. The
difference between flavonoids and isoflavonoids on the effect of fluidity
of liposomal membranes may be related to the different locations of the
molecules in lipid bilayer which is related to the different chemical
structures of these compounds. It has been suggested that the basic
structure of a flavonoid is more suitable for membrane rigidification
than that of an isoflavonoid [23]. However, some research has reported
the opposite effect; isoflavonoids caused an increase in fluorescence
polarization, indicating a decrease in membrane fluidity [4,17]. This con-
tradiction may be due to differences in model membrane composition
used in experiments. Our study used DPPC/DPPG liposome which have
relatively rigid membranes, whereas those two studies used liposome
consisting of unsaturated 1-stearoyl-2-linoleoylphosphatidylcholine
(SLPC) or 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), which
makes the membranes relatively fluid.

As shown in Fig. 2, there is a significant positive correlation between
antibacterial capacity and membrane rigidification effect of the flavo-
noids (r = 0.921), indicating that flavonoids exert their antibacterial
action by reducing membrane fluidity. Kaempferol, located deeply in
the hydrophobic core of the lipid bilayer, decreased the membrane
fluidity most while exhibiting the highest antibacterial capacity, while
puerarin and ononin, 2 isoflavonoids with glycosidic linkages, had little
antibacterial effect. It was observed that flavanone hesperidin, due to
its glycoside moiety, is located at the level of polar head whereas
hesperetin interacts better with acyl chains and adopts a more planar

0,041 Chrysin
’ 2 Kaempferol
3 Quercetin
0.0244 Baicalein =2
5 Tangeritin
0.00- & 5.6,7 4-tetramethoxyflavone 5
7 Daidzein
.0.02 4 8 Puerar.ln
o 9 Genistin
w 10 Luteolin
-0.04 11 ononin
-0.06
"y 1 R=0.921
-0.08 +
-0.10

T T T T T T
32 34 36 38 40 42
PMICg

T T T T
24 26 28 30

Fig. 2. Correlation between the antibacterial activity (pMICsq values) of the flavonoids and
the corresponding fluorescence polarization of model membranes treated with flavonoids.

conformation [26]. Functions of membrane enzymes and receptors,
as well as the reaction efficacy of membrane components could be mod-
ulated by fluidity changes, leading to the multiple biological effects of
flavonoids [27]. The cell membrane could be a direct target for
antibacterial action of flavonoids, suggesting that membrane interaction
could be an important mechanism of the antibacterial activities of
flavonoids.

3.3. QSAR study

The model can be obtained using the pMICsq as the dependent vari-
able and calculated properties as independent variables. In this work,
multiple regression analysis was used for variable selection to obtain
the best equation. The number of variables in the multiple regression
procedure was limited to two, considering the rule that the number of
compounds in the data set should be three to six times the number of
parameters in the model [28]. The best QSAR equation was obtained
for 9 compounds in training set as follows:

pMICsy = 2.563 + 0.469CLogP + 2.529C3

R® = 0.903,R’,; = 0.870,R’ g = 0.840,Q = 0.818, F
= 27.780,p < 0.001.

The correlation matrix between antibacterial capacity and the
respective calculated properties is shown in Table 2. A regression equa-
tion is of no relevance when the variables are mutually interrelated by
simple or multiple correlations or either, they are not orthogonal [29].
The correlation matrix showed that the properties are independent; in-
dicating that the model in this study is strong.

The agreement between predicted pMICsg values and experimental
ones is satisfactory (Fig. 3). The predicted activity of the QSAR model
was further evaluated by the test set. The predicted deviations of
luteolin and ononin (0.39 and 0.06, respectively) are small and the pre-
dictive correlation coefficient Rzpmd reached 0.840. The results demon-
strate that the QSAR model is strong and predictive, and can be used
to explain the antibacterial mechanism of flavonoids.

In QSAR analysis, hydrophobic, electronic and steric are the 3 major
types of interactions that the modeler must deal with [30]. In our QSAR
model, the 2 selected descriptors were CLogP and C3. CLogP is a measure
of hydrophobicity (a large value of CLogP represents higher hydropho-
bicity) while C3 is the net charge of C atom at position 6 on C ring relat-
ing to electronic properties. This model showed that increasing CLogP
value and C3 value leads to an increase in antibacterial capacity against
E. coli.

The correlation coefficient of CLogP versus pMICso (R = 0.702) indi-
cates that CLogP has the higher contribution to the pMICsq, implying
that hydrophobicity plays a major role in the antibacterial activity of fla-
vonoids. In Table 3, it was observed that compounds with values of
CLogP above 2 such as chrysin, baicalein, and kaempferol (CLogP of
3.56, 3.00, 2.08, respectively) are the most active, while compounds
with low values of CLogP, such as, puerarin, ononin and genistin
(CLogP of 0.02, 0.77, 0.91, respectively) are less active. It has been re-
ported that 5-hydroxyflavanones and 5-hydroxyisoflavanones with
one, two or three additional hydroxyl groups at the 7, 2 and 4 positions
inhibited the growth of Streptococcus mutans and Streptococcus sobrinus
[31]. A study concluded that flavonoids lacking hydroxyl groups on the

Table 2
Correlation matrix for descriptors included in the QSAR model.
pMICsq CLogP C3
pMICsg 1.000
CLogP 0.702 1.000
Cc3 0316 —0376 1.000
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B ring are more active against micro-organisms than those with hydroxyl
groups [32]. These results may be due to the negative correlation between
the relative hydrophobicity of flavonoids and the numbers of hydroxyl
groups in their structures. Flavonoids rich in hydroxyl groups have
lower hydrophobicity and are more difficult to partition into lipid
membranes.

As the charge in C3, the other descriptor in the QSAR model, may
represent a measure of extension of the electronic delocalization of
the molecule, it is concluded that electronic effects have an important
role in the antibacterial activity of flavonoids. Table 3 illustrates that
kaempferol and quercetin with the highest positive charges on C3
exhibit the highest antibacterial activity. Although the addition of
hydroxyl groups weakens the hydrophobicity of flavonoids, it increases
the charge of atoms. This could explain why other studies also found the
effect that as hydroxyl groups increased so did antimicrobial activity
[12,33]. The relative high hydrophobicity but low C3 values of tangeritin
and 5,6,7,4’-tetramethoxyflavone resulting from the addition of methoxyl
groups in A and B rings and the absence of hydroxyl groups contributed to
mid-range antibacterial activity in comparison to the other compounds.
When comparing tangeritin to 5,6,7,4'-tetramethoxyflavone, the activi-
ties of these polymethoxyflavones are mainly determined by hydropho-
bicity, as their charges on C are similar. Tangeritin is more active
because of the methoxyl group at C-8 in the A ring. This confirms that
the antibacterial activity and structure relationship of E. coli can be
explained by the obtained QSAR model.

Hydrophobicity is a basic parameter used to describe the ability of
drugs to interact with biological membranes [4] and the C atom at

Table 3
Calculated results using the QSAR model.

Flavonoids CLogP C3 pMICso pMICsp Residue
(expt) (pred)
Training Chrysin 356 —0.159 384 3.83 0.01
set Kaempferol 2.08 0217 4.06 4.09 —0.03
Quercetin 1.50 0217 393 3.82 0.11
Baicalein 300 —0.158 3.58 3.57 0.01
Tangeritin 280 —0.165 343 3.46 —0.03
5,6,7,4'- 239 —0.167 334 3.26 0.08
Tetramethoxyflavone
Daidzein 2.08 0.014 3.33 3.57 —024
Puerarin 0.02 0015 244 261 —0.17
Genistin 091 0.002 3.26 2.99 0.27
Test set  Luteolin 231 —0.160 3.63 324 039
Ononin 077 —0.159 258 2.52 0.06

position 3 in the C ring has a major role. The two selected descriptors
in the QSAR model further indicate that interactions with membranes
play an essential role in antibacterial activity of flavonoids. It was re-
ported that antibacterial activities against E. coli of epicatechin gallate
(ECg) and epigallocatechin gallate (EGCg) are much stronger than
those of epicatechin (EC) and epigallocatechin (EGC), which is in good
agreement with the order of the amounts of catechins incorporated
into lipid membranes, as the hydrophobicity of the molecules were
increased by the galloyl moiety [34]. A QSAR study related to the inhib-
itory effect of 10 natural phenolic compounds on Fusarium verticillioides,
indicated that the antifungal activity increased with hydrophobicity
[35]. These results suggest that the bioactivity of these compounds is
due to their ability to partition into lipid membranes.

4. Conclusion

The antibacterial capacity and membrane rigidification effect of
flavonoids were positively correlated. The QSAR model demonstrated
that hydrophobicity and electronic property are key factors in the
antibacterial activity of flavonoids. Higher values for CLogP and high
positive charges on C3 lead to an increase in antibacterial activity.
These variables further confirmed that cell membrane could be one of
the direct modes for antibacterial action. To our knowledge, this study
constitutes the first contribution of the QSAR model to predict the inhi-
bition activity of flavonoids against E. coli. In addition, the obtained
model based on molecular descriptors could be used to predict the
activity of flavonoids and to direct research related to the use of com-
pounds with high antibacterial capacity in the food and medical
industry.
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