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steroids, coumarins, saponins, phenylpropanoids, lignans 
and stilbenoids. [ 3 ,  4 ]  Such phytochemicals exert antitumor, 
anticarcinogenic, antimicrobial, anti-infl ammatory, neu-
roprotective, anti-allergic, antithrombotic, anti-athero-
sclerosis, antihypertensive, apoptosis-inducing and lipid 
peroxidation-inhibitory activity. Of  these various bioac-
tivities, they have been best known for antiproliferative 
and antioxidant activity, both of  which are closely associ-
ated with each other and provide medicinal plants with 
disease preventive and therapeutic utility. The antipro-
liferative and antioxidant mechanisms for plant compo-
nents have been exclusively explained by their actions on 
key enzymes, receptors, ion channels and reactive oxygen 
species or their combinations. [ 5 ,  6 ]  Most of  these mecha-
nistically relevant actions occur in the membrane envi-
ronments within and through lipid bilayers. The requisite 
for accessing the enzymes, receptors and channels em-
bedded in biomembranes and the reactive oxygen species 
present in biomembranes is the affi nity for membrane 
lipids. 
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   ABSTRACT:   In light of a novel mode of action on lipid membranes, we studied pharmacological activities of 
representative medicinal plant components, fl avonoids, and verifi ed their possible interactions with membrane-acting 
drugs. Fluorescence polarization measurements with different probes revealed that 1–500 μM phytochemicals structure-
dependently acted on biomimetic membranes prepared with phospholipids and cholesterol to change the membrane 
physicochemical property, fl uidity, by preferentially acting on the deeper regions of lipid bilayers. In the structure and 
membrane activity relationship characterized, greater potencies to decrease membrane fl uidity were associated with 
the polyphenol structures, fl avonoids with hydroxyl groups at the 3-, 3’-, 4’-, 5-, 5’- and/or 7-position. Quercetin and 
(–)-epigallocatechin gallate, meeting the structural requirements, effectively inhibited at 1–10 μM the proliferation of 
tumor cells to show 74.3–75.5% inhibition after 48 h culture and the membrane lipid peroxidation induced by 10 μM 
peroxynitrite to show 96.8–100% inhibition. These antiproliferative and antioxidant fl avonoids also changed the fl uidity 
of cell membranes simultaneously with exhibiting pharmacological activities. The membrane action is, at least in part, 
mechanistically responsible for the disease preventive and therapeutic effects of medicinal plants containing fl avonoids. 
The selected membrane-active phytochemicals, phloretin and capsaicin antagonistically or additively infl uenced at 25–
500 μM the membrane-fl uidizing effects of lidocaine and bupivacaine of clinically relevant concentrations. These results 
suggest that medicinal plant components may cause inhibitory or cooperative drug interactions with local anesthetics 
which act on lipid bilayers to modify the membrane environments for Na +  and K +  channels embedded in biomembranes. 

   KEYWORDS:   antioxidant  ,   antiproliferative  ,   fl avonoid  ,   lipid bilayer  ,   local anesthetic  ,   membrane fl uidity   

      INTRODUCTION 

 While one tends to believe that the majority of  drugs 
are synthetic in origin, clinically important medications 
are linked to natural products, especially plants. [ 1 ]  Plants 
still serve as a source for new drug discovery and devel-
opment. [ 2 ]  Medicinal potentials of  plants are attributable 
to various classes of  pharmacologically active compo-
nents represented by alkaloids, fl avonoids, terpenoids, 
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 The concomitant use and combination therapy of  
medicinal plants or herbs with conventional medicines 
have been increasing in popularity, potentially causing ben-
efi cial and adverse interactions between plant components 
and drugs. In contrast to the drug-drug interactions receiv-
ing enormous attention, the interactions of  phytochemicals 
and drugs have not necessarily been extensively investigated 
despite the possibility of  more frequent occurrence than 
anticipated. [ 7 ]  As in the drug-drug interactions, pharmaco-
kinetic and pharmacodynamic mechanisms are implicated 
in the antagonistic, additive and synergistic interactions 
with medicinal plants, that is, the induction and inhibi-
tion of  drug-metabolizing enzymes (cytochrome P450s) 
and drug-transporters (P-glycoprotein) and the binding to 
receptors, enzymes and ion channels. [ 8 ]  Medicinal plants 
could infl uence anticancer, cardiovascular, anticoagulant, 
anti-diabetic, antimicrobial, immunosuppressant, anti-
anxiety, antidepressant, analgesic and anesthetic drugs. [ 9 ,  10 ]  
Perioperative risk has been suggested for patients consum-
ing medicinal plants and the interactions with anesthetic 
agents have been presumed for several plant species. [ 11 ,  12 ]  
Phytochemical and drug interactions were previously stud-
ied at receptor, enzyme and channel levels, whereas only 
limited information is available at a membrane level, [ 13 ]  
although the drug-drug interactions are very likely to occur 
through the effects on lipid membranes. [ 14 ,  15 ]  

 Among bioactive phytochemicals, fl avonoids constitute 
one of  the most ubiquitous groups of  components in 
medicinal plants as well as in nutraceutical foods and the 
herbal remedies containing fl avonoids have been widely 
used in folk medicine. [ 16 ]  Flavonoids possess the common 
skeleton of  a chromane ring with aromatic rings attached 
at the 2- or 3-position and these rings are labeled with 
A, B and C ( Figure 1 ). Based on different substitutions 
and the oxidation status of  a heterocyclic C ring, they are 
divided into various subclasses, that is, fl avones, fl avonols, 
fl avanones, fl avanonols, fl avanols (catechins), anthocyani-
dins with an oxonium ion O +  in the C ring, isofl avones 
with the C ring at the 3-position and chalcones lacking 
the C ring. The pharmacological activities of  fl avonoids 
as medicinal plant components cover a very broad spec-
trum. However, not only are their molecular mechanisms 
often unknown, but also their structure and activity rela-
tionship has been only partially understood. [ 17 – 19 ]  Bioac-
tive fl avonoids have been suggested to act on lipid bilayer 
biomembranes to modify the membrane physicochemical 
properties, [ 20 ,  21 ]  together with their drug interactions as 
well as in alkaloids and coumarins. [ 22 ,  23 ]  

   Apart from the conventional mechanisms, the investi-
gations focused on a novel mode of  action on lipid 

membranes might provide some insight into the benefi cial 
effects of  medicinal plants and into their interactions with 
prescribed drugs. Therefore, we comparatively studied the 
effects of  structurally diverse phytochemicals including 
fl avonoids and capsaicin ( Figure 1 , each individual 
structure is shown by the number in parentheses in 
the following descriptions and Figures) on biomimetic 
lipid membranes by measuring their induced changes 
in membrane fl uidity, and then we addressed whether 
they exhibited antiproliferative and antioxidant activities 
associated with the comparative membrane effects. 
Based on the results of  membrane fl uidity experiments, 
we also verifi ed the possible interactions of  selected 
plant components with membrane-acting drugs, local 
anesthetics. 

   MATERIALS AND METHODS 

  Chemicals 
 Phytochemical fl avonoids and capsaicin were purchased 
from Funakoshi (Tokyo, Japan), and local anesthetic lido-
caine and bupivacaine from Sigma-Aldrich (St. Louis, MO, 
USA). Phospholipids: 1,2-dipal mitoylphosphatidylcholine 
(DPPC), 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 
1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE), 
1-stearoyl-2-oleoylphosphatidylserine (SOPS) and por-
cine brain sphingomyelin (SM) and fl uorescent probes: 
2-(9-anthroyloxy)stearic acid (2-AS), 9-(9-anthroyloxy)
stearic acid (9-AS), 12-(9-anthroyloxy)stearic acid (12-AS) 
and 1,6-diphenyl-1,3,5-hexatriene (DPH) were obtained 
from Avanti Polar Lipids (Alabaster, AL, USA) and 
Molecular Probes (Eugene, OR, USA), respectively. 
Cholesterol was purchased from Wako Pure Chemicals 
(Osaka, Japan), and diphenyl-1-pyrenylphosphine (DPPP) 
and peroxynitrite from Dojindo (Kumamoto, Japan). The 
concentration of  peroxynitrite was spectrophotometri-
cally determined according to manufacturer’s directions, 
and then diluted to be 10 mM with 0.1 M NaOH. The 
prepared solutions were stored at −80°C and consumed 
within three weeks after preparation. Dimethyl sulfoxide 
(DMSO) of  spectroscopic grade (Kishida, Osaka, Japan) 
and Dulbecco’s phosphate buffered saline of  pH 7.4 
(PBS; Dainippon Pharmaceuticals, Osaka, Japan) were 
used for preparing reagent solutions. All other chemicals 
were of  the highest grade available. 

   Biomimetic membrane preparation 
 Lipid bilayer membranes labeled with fl uorescent probes 
were prepared as liposome suspensions according to the 
method of  Tsuchiya  et al . [ 24 ]  In brief, an aliquot (250 μl) 
of  the ethanol solutions of  phospholipids and cholesterol 



Hironori Tsuchiya, et al.:  Plant Components Exhibit Pharmacological Activities and Drug Interactions by Acting on Lipid Membranes

60 

 F
ig

u
re

 1
:  

  P
la

n
t 
c
o
m

p
o
n
e
n
t 
fl
a
vo

n
o
id

s
 a

n
d
 c

a
p
s
a
ic

in
 u

s
e
d

 i
n
 t
h
is

 s
tu

d
y.

  



 61 

Hironori Tsuchiya, et al.:  Plant Components Exhibit Pharmacological Activities and Drug Interactions by Acting on Lipid Membranes

(total lipids of  10 mM) and probes (2-AS, 9-AS, 12-AS 
or DPH, 50 μM for each) was injected four times into 
199 ml of  PBS under stirring above the phase transition 
temperatures of  phospholipids. The compositions of  
lipids were 100 mol% DPPC for DPPC membranes, 
POPC, POPE, SOPS and cholesterol (48:24:8:20, mol%) 
for tumor cell-mimetic membranes, [ 25 ]  and POPC, POPE, 
SOPS, SM and cholesterol (11:16.5:11:16.5:45, mol%) for 
peripheral nerve cell-mimetic membranes. [ 26 ]  

   Membrane effect comparison 
 The membrane effects of  all the tested phytochemicals 
were compared by determining their potencies to change 
membrane fl uidity. An aliquot of  fl avonoid and capsaicin 
solutions in DMSO was added to the membrane 
preparations to give a fi nal concentration of  1–500 μM, 
followed by incubating at 37°C for 30 min. The DMSO 
concentration was adjusted to be less than 0.125% (v/v) 
of  the total volume so as not to affect membrane fl uidity. 
Thereafter, fl uorescence polarization was measured 
at excitation and emission wavelengths of  367 nm and 
443 nm for  n -ASs, and 360 nm and 430 nm for DPH 
by an RF-540 spectrofl uorometer (Shimadzu, Kyoto, 
Japan) equipped with a polarizer and a cuvette thermo-
controlled at 37°C. Polarization values were calculated by 
the formula ( I  VV  –  GI  VH )/( I  VV  +  GI  VH ) according to the 
method of  Ushijima  et al ., [ 27 ]  in which  I  is the fl uorescence 
intensity and the subscripts V and H refer to the 
vertical and horizontal orientation of  the excitation and 
emission polarizer, respectively. The grating correction 
factor ( G  =  I  HV / I  HH ) is the ratio of  the detection system 
sensitivity for vertically and horizontally polarized light, 
which was used to correct the polarizing effects of  the 
monochromator. [ 28 ]  Compared with controls, increasing 
and decreasing polarization value indicates a decrease 
(membrane rigidifi cation) and an increase of  membrane 
fl uidity (membrane fl uidization), respectively. Since the 
polarization values of  control membranes differed by 
varying membrane lipid compositions and fl uorescent 
probes, the polarization changes (%) relative to control 
values were used to compare between phytochemicals 
and between different membranes because percent 
changes are usable for the comparison regardless of  the 
different polarization values of  control membranes. [ 29 ]  
Fluorescent probes,  n -ASs, selectively locate at a graded 
series of  levels in lipid membranes. DPH localized in 
the hydrocarbon core of  lipid bilayers refl ect the fl uidity 
changes in hydrophobic membrane regions. 

   Antiproliferative activity analysis 
 The effects of  membrane-active fl avonoids on tumor 
cell proliferation were analyzed as reported previously. [ 25 ]  

Briefl y, mouse myeloma cells (Sp2/O-Ag14) were 
inoculated at 2.0 × 10 5  cells/ml in Dulbecco’s modifi ed 
Eagle’s medium supplemented with 10% (v/v) fetal 
calf  serum (ICN Biomedicals, Aurora, OH, USA). This 
cell line was chosen because the cells were successfully 
suspended in PBS and labeled with fl uorescent probes 
in cell membrane fl uidity experiments. An aliquot of  
quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) 
solutions in DMSO was added to the culture medium to 
be 10 μM for each. The fi nal concentration of  DMSO 
was 0.5% (v/v) so as not to affect cell proliferation. After 
culturing at 37°C for 24 and 48 h in a humidifi ed 5% 
CO 2  atmosphere, the number of  viable cells (trypan blue 
staining-negative cells) was counted by a hemocytometer, 
followed by comparing with controls (treated with 
DMSO vehicle alone) to determine the cell proliferation 
inhibition (%). 

   Determination of the effects on cultured 
cell membranes 
 Mouse myeloma cells (Sp2/O-Ag14) were cultured with 
or without quercetin ( 11 ) and (–)-epigallocatechin gallate 
( 23 ) of  10 μM for each as described above. An aliquot 
of  2 ml of  cell cultures was obtained after 24 h and 48 h 
culture, followed by centrifugation to collect cells. The 
collected cells were washed twice with and suspended in 
PBS, and then labeled with 2-AS and 12-AS according 
to the method of  Furusawa  et al . [ 30 ]  The effects on cell 
membranes were determined by measuring fl uorescence 
polarization as described above. 

   Antioxidant activity analysis 
 The effects of  membrane-active fl avonoids on membrane 
lipid peroxidation were analyzed as reported previously. [ 31 ]  
Briefl y, DPPP-incorporated liposomal membranes with 
the molar ratio of  DPPP to total lipids being 1:100 were 
suspended in PBS. The membrane lipid composition 
of  POPC, POPE, SOPS, SM and cholesterol was 
the same as that of  nerve cell-mimetic membranes 
described above. An aliquot (10 μl) of  quercetin ( 11 ) and 
(–)-epigallocatechin gallate ( 23 ) solutions in DMSO was 
mixed with liposome suspensions (3.97 ml) to be a fi nal 
concentration of  1 or 5 μM for each, followed by incubating 
at 37°C for 30 min. Membrane lipids were peroxidized by 
adding 20 μl of  peroxynitrite solution in 0.1 M NaOH to 
be a fi nal concentration of  10 or 50 μM, and then reacting 
at 37°C for 10 min. A corresponding volume of  DMSO 
vehicle was added to controls. Membrane-incorporated 
DPPP quantitatively reacted with a lipid hydroperoxide to 
produce a fl uorescent phosphine oxide in membrane lipid 
bilayers, which was fl uorometrically measured at excita-
tion and emission wavelength of  355 nm and 382 nm, 



Hironori Tsuchiya, et al.:  Plant Components Exhibit Pharmacological Activities and Drug Interactions by Acting on Lipid Membranes

62 

respectively. When peroxynitrite-induced increases in 
fl uorescence intensity reached a plateau, the peroxidation 
of  membrane lipids was defi ned as completed (100%). 
The antioxidant activity was determined by comparing 
the fl uorescence intensity with controls. 

   Interactions of phytochemicals with drugs 
 Nerve cell-mimetic membranes were pretreated with 
25 μM phloretin ( 31 ) or 50-500 μM capsaicin ( 33 ) at 37°C 
for 30 min. The pretreated and not-treated membranes 
were reacted with each 250 μM lidocaine or bupivacaine at 
37°C for 30 min, followed by measuring DPH fl uorescence 
polarization as described above. Phytochemical and 
local anesthetic solutions in DMSO were added to the 
membrane preparations and the concentration of  DMSO 
was adjusted to be less than 0.125% (v/v) of  the total 
volume so as not to affect membrane fl uidity. Control 
experiments were conducted with the addition of  an 
equivalent volume of  DMSO vehicle. The changes (%) of  
anesthetic membrane effects were obtained by comparing 

polarization changes induced by lidocaine and bupivacaine 
with those by phytochemical pretreatments. 

   Statistical analysis 
 All results are expressed as mean ± SE (n = 6 or 8 for 
membrane fl uidity experiments and n = 5 for cell culture 
and antioxidant experiments). Data were statistically 
analyzed by ANOVA, followed by post hoc Fisher’s PLSD 
test using StatView version 5.0 (SAS Institute, Cary, 
NC, USA).  P  values ≤ 0.05 were considered statistically 
signifi cant. 

    RESULTS 

  Comparative effects on biomimetic membranes 
 Flavonoids differently increased  n -AS fl uorescence polari-
zation of  tumor cell-mimetic membranes at 10 μM, 
indicating that they structure-dependently acted on dif-
ferent regions of  lipid bilayers to decrease membrane fl u-
idity ( Figures 2 ,  3  and  4 ). Delphinidin ( 26 ) exceptionally 

 Figure 2:    Comparative effects of flavonoids on biomimetic membranes shown by their induced 2-AS polarization changes. Flavonoids (10 µM 

for each) were reacted with tumor cell-mimetic membranes, followed by measuring 2-AS fluorescence polarization. Results are expressed as 

means ± SE (n = 8) of 2-AS polarization changes (%) relative to control polarization values. A: Aggregation induced. *p<0.05 and **p<0.01 vs. 

control.  



 63 

Hironori Tsuchiya, et al.:  Plant Components Exhibit Pharmacological Activities and Drug Interactions by Acting on Lipid Membranes

   Figure 3:    Comparative effects of flavonoids on biomimetic membranes shown by their induced 9-AS polarization changes. Flavonoids (10 µM 

for each) were reacted with tumor cell-mimetic membranes, followed by measuring 9-AS fluorescence polarization. Results are expressed as 

means ± SE (n = 8) of 9-AS polarization changes (%) relative to control polarization values. A: Aggregation induced. **p<0.01  vs.  control.  

   Figure 4:    Comparative effects of flavonoids on biomimetic membranes shown by their induced 12-AS polarization changes. Flavonoids (10 µM 

for each) were reacted with tumor cell-mimetic membranes, followed by measuring 12-AS fluorescence polarization. Results are expressed as 

means ± SE (n = 8) of 12-AS polarization changes (%) relative to control polarization values. A: Aggregation induced. **p<0.01  vs.  control.  
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induced the aggregation of  liposomal membranes. In 
each subclass, relatively great membrane effects were 
shown by galangin ( 9 ), quercetin ( 11 ) and kaempferol ( 10 )
belonging to fl avonols, (–)-epigallocatechin gallate ( 23 ) be-
longing to fl avanols, cyanidin ( 25 ) and pelargonidin ( 24 ) 
belonging to anthocyanidins and phloretin ( 31 ) belonging 
to chalcones. These fl avonoids signifi cantly changed the 
membrane fl uidity even at 1 μM. In the comparisons be-
tween structurally corresponding fl avonoids ( 6 ,  7 ,  11 ,  28  
and  18 ,  19 ,  20 ,  29 , respectively), fl avones and isofl avones 
were much more membrane-active than fl avanones and 
isofl avanones, respectively. Flavonoids were more active 
compared with isofl avonoids as being apparent by com-
paring between kaempferal ( 10 ) and genistein ( 27 ). Gly-
cosides rutin ( 15 ) and isoquercitrin ( 16 ) were much less 
effective in acting on the membranes than their aglycone-
quercetin ( 11 ). 

   The relative polarization changes of  2-AS, 9-AS and 
12-AS, which selectively locate from the surface to the 
inner regions of  lipid bilayers with increasing  n  of   n -ASs, 
indicated comparative effects on different depths of  
membranes. In the subclass of  fl avonols, myricetin ( 12 ), 

quercetin ( 11 ), kaempferol ( 10 ) and galangin ( 9 ) acted 
in increasing order of  preference to the deeper regions 
of  lipid membranes. Rutin ( 15 ) and isoquercitrin ( 16 ) 
comparatively preferred to act on the hydrophilic 
superfi cial regions. The greater potency to affect the 
hydrophobic regions was a characteristic common to 
membrane-active fl avonoids ( 9 ), ( 11 ), ( 23 ), ( 25 ) and ( 31 ). 

   Antiproliferative and antioxidant activities 
 The selected membrane-active fl avonoids, quercetin ( 11 )
and (–)-epigallocatechin gallate ( 23 ), were investigated as 
to whether they infl uenced the tumor cell viability and 
the membrane lipid peroxidation. 

 Quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) inhibited 
cell proliferation at 10 μM ( Figure 5 ). Their antiproliferative 
activities were greater with increasing the culture time 
(24–48 h). 

   Both quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) 
were also effective at 1 and 5 μM in inhibiting membrane 
lipid peroxidation induced by different concentrations 
of  peroxynitrite ( Figure 6 ). 

 Figure 5:    Antiproliferative activities of quercetin and (–)-epigallocatechin gallate on tumor cells. The inhibition of cell proliferation was deter-

mined after culturing tumor cells with quercetin and (–)-epigallocatechin gallate (10 µM for each) for 24 and 48 h. Results are expressed as 

means ± SE (n = 5). **p<0.01  vs.  control.  
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 Figure 6:    Antioxidant activities of quercetin and (–)-epigallocatechin gallate on membrane lipids. The inhibition of lipid peroxidation was deter-

mined by pretreating nerve-cell mimetic membranes with quercetin and (–)-epigallocatechin gallate (1 and 5 µM for each) and peroxidizing with 

10 or 50 µM peroxynitrite. Results are expressed as means ± SE (n = 5). **p<0.01  vs.  control.  

     Effects on cell membranes 
 Together with inhibiting tumor cell proliferation, 
quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) rigidifi ed 
cell membranes at 10 μM as shown by 2-AS and 12-AS 
polarization increases ( Figure 7A and B ). Their membrane 
effects were more evident in the hydrophobic deeper 
regions of  cell membranes. 

 Quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) also 
decreased at 1–10 μM the fl uidity of  nerve cell-mimetic 
membranes used for the antioxidant activity analysis. 

     Interactions of phytochemicals with local 
anesthetics 
 Phloretin ( 31 ) acted on nerve cell-mimetic membranes 
to decrease their fl uidity at 10–50 μM in a concentration-
dependent manner. On the other hand, capsaicin ( 33 ) 
showed biphasic effects on both DPPC membranes and 
nerve cell-mimetic membranes to increase the membrane 
fl uidity at relatively low micromolar concentrations but 
decrease at relatively high concentrations as shown by 

different changes of  DPH fl uorescence polarization 
( Figure 8 ). 

   Lidocaine and bupivacaine acted on nerve cell-mimetic 
membranes at 250 μM to increase their fl uidity as shown 
by DPH polarization decreases ( Figure 9 ). Membrane-
active phloretin ( 31 ) and capsaicin ( 33 ) inhibited the 
local anesthetics-induced membrane fl uidization at 25 μM 
and 500 μM, respectively. At 50 μM, however, capsaicin 
( 33 ) increased the potencies of  both local anesthetics to 
fl uidize membranes. Comparisons of  the polarization 
decreasing degree between anesthetic alone and the 
combination indicated that the membrane interactions 
of  capsaicin ( 33 ) with lidocaine and bupivacaine were 
additive rather than synergistic. 

      DISCUSSION 

 Firstly, we compared structural analogues which have a 
different number of  hydroxyl groups in the A and B ring, a 
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 Figure 7:    Effects of antiproliferative flavonoids on tumor cell membranes shown by 2-AS (7A) and 12-AS polarization changes (7B). Tumor 

cells were cultured with quercetin and (–)-epigallocatechin gallate (10 µM for each) for 24 and 48 h, followed by measuring 2-AS and 12-AS 

fluorescence polarization. Results are expressed as means ± SE (n = 5) of 2-AS or 12-AS polarization changes (%) relative to control polariza-

tion values. **p<0.01 vs. control.  

 Figure 8:    Effects of capsaicin on lipid membranes. Capsaicin of the indicated concentrations was reacted with DPPC membranes and nerve 

cell-mimetic membranes, followed by measuring DPH fluorescence polarization. Results are expressed as means ± SE (n = 6) of DPH 

polarization changes (%) relative to control polarization values. **p<0.01  vs . control.  
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 Figure 9:    Membrane interactions of phytochemicals with local anesthetics. Nerve cell-mimetic membranes pretreated and not-treated with 25 

µM phloretin or 50-500 µM capsaicin were reacted with lidocaine and bupivacaine (250 µM for each), followed by measuring DPH fluorescence 

polarization. Results are expressed as means ± SE (n = 8) of DPH polarization changes (%) relative to control polarization values. **p<0.01  vs . 

control.  

different C ring and different substituents at the 3-position 
( Figure 1 ) to characterize the structure and membrane 
activity relationship. Flavonoids of  low millimolar or sub-
millimolar levels are known to quench the fl uorescence of  
probes used for membrane fl uidity experiments. [ 32 ]  Since 
such quenching properties interfere with fl uorescence 
polarization measurements, the comparative membrane 
effects were determined at 1–10 μM for each fl avonoid.
Consequently, the tested fl avonoids have been revealed to 
act on biomimetic membranes and decrease their fl uidity 
in a structure-dependent manner. The characterized 
relationship indicates that a 3-hydroxyl group and a 2,3 
double bond in the C ring, 3’,4’-dihydroxyl groups or 
the absence of  any hydroxyl groups in the B ring and 
5,7-dihydroxyl groups in the A ring provide the basic 
structure of  fl avonoid, not isofl avonoid, with greater 
membrane activities. In fl avanols without a 2,3 double 

bond, a galloyl group is an alternative to a 3-hydroxyl 
group, which signifi cantly potentiates the membrane 
action to provide the membrane-active structure of  
(–)-epigallocatechin gallate ( 23 ). The membrane effects 
of  quercetin rutinoside ( 15 ) and glucoside ( 16 ) have 
been shown to be much less or negligible compared with 
the aglycone quercetin ( 11 ), while fl avonoid glycosides-
naturally present in plants under go the  in vivo  hydrolysis to 
the aglycones. [ 33 ,  34 ]  The difference between aglycone and 
glycoside is attributable to an increase of  hydrophilicity 
by glycosylation. 

 A set of   n -AS fl uorescence polarization have suggested 
that fl avonoids preferentially act on the deeper regions 
of  lipid bilayers by intercalating between the hydrocarbon 
chains of  membrane lipids. One of  determinants for the 
membrane-acting potency seems to be the hydrophobicity 
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to enhance the interaction with lipid bilayers, [ 21 ]  as the 
membrane activity of  fl avonoids is well correlated to 
their relative lipophilicity or partition coeffi cient. [ 35 ]  Steric 
confi guration could additionally participate in the fl a-
vonoid and membrane lipid interactions. [ 36 ]  

 The structure and membrane activity relationship has 
suggested that the promising structures to exhibit phar-
macological activities are galangin ( 9 ), quercetin ( 11 ), 
cyanidin ( 25 ), (–)-epigallocatechin gallate ( 23 ) and phloretin 
( 31 ) in decreasing order of  membrane-rigidifying intensity. 
Quercetin ( 11 ) is likely to be more bioactive than galangin 
( 9 ) in the comparative studies reported previously. [ 37 ,  38 ]  
Anthocyanidins are easily decomposed under cell culture 
conditions and in the biophase, [ 39 ,  40 ]  indicating the limited 
stability of  cyanidin ( 25 ). Secondly, therefore, we addressed 
whether the selected membrane-active fl avonoids, 
quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ), exhibit 
pharmacological activities. Consequently, both fl avonoids 
have been proved to inhibit both the proliferation of  
tumor cells and the peroxidation of  membrane lipids at 
low micromolar concentrations, which almost agree with 
the concentrations to decrease the fl uidity of  biomimetic 
membranes. Quercetin ( 11 ) and (–)-epigallocatechin gallate 
( 23 ) have been also revealed to exhibit the antiproliferative 
and antioxidant activities simultaneously with changing 
the fl uidity of  both the cultured tumor cell membranes 
and the biomimetic membranes used for antioxidant 
experiments. 

 Since the activation and suppression of  cell prolifera-
tion occur in the lipid membrane environments and these 
events are governed by the physicochemical property of  
lipid bilayer biomembranes, [ 41 ]  cell membranes and mem-
branous organelles have been referred to as a novel target 
for antitumor agents. [ 42 ]  The proliferating abilities of  tumor 
cells are closely related to the altered properties of  cell 
membranes as neoplastic and metastatic cells are known 
to have more fl uid membranes than their normal counter-
parts because of  decreasing cholesterol and increasing 
unsaturated phospholipids in membranes. The fl avonoids-
induced membrane rigidifi cation would counteract the 
increased membrane fl uidity of  tumor cells. Flavonoids 
also affect tumor cell proliferation by inhibiting tumori-
genesis-relating enzymes, inducing apoptosis, modulating 
proliferative signal transduction, arresting cell cycle pro-
gression and altering receptor functions or a combination 
of  these mechanisms. [ 19 ]  While cyclooxygenase, especially 
the inducible form cyclooxygenase-2, plays an important 
pathological role in tumorigenesis, the modifi cation of  
membrane fl uidity is associated with the inhibition of  
cyclooxygenase. [ 43 ]  Changes in membrane fl uidity should 

functionally infl uence tumorigenesis-relevant enzymes 
and receptors by disturbing the membrane environments 
optimal for the conformation of  enzyme and receptor 
proteins embedded in biomembranes. Apoptosis is induc-
ible through the alteration of  tumor cell membrane fl uid-
ity. [ 44 ]  In membrane dynamics, cell cycle is accompanied by 
membrane fl uidity changes and the membranes of  rest-
ing cells are more rigid than those of  proliferating ones. [ 41 ]  
Quercetin ( 11 ) and (–)-epigallocatechin gallate ( 23 ) are 
considered to affect tumor cell proliferation by modifying 
the fl uidity of  cellular or plasma membranes. 

 The reaction between oxidants and membrane lipids 
is subject to the physicochemical property of  lipid 
bilayers. [ 45 ]  The effects of  antioxidants are linked not 
only to scavenging reactive species such as peroxynitrite 
but also to reducing lipid peroxidation effi ciency through 
the membrane fl uidity changes. [ 46 ,  47 ]  In more rigid or 
less fl uid membranes, the diffusion of  reactive species 
in lipid bilayers is hindered to decrease the kinetics 
of  oxidation reactions, resulting in inhibition of  the 
propagation of  lipid peroxidation. [ 48 ]  Quercetin ( 11 ) and 
(–)-epigallocatechin gallate ( 23 ) are speculated to infl uence 
membrane lipid peroxidation by rigidifying lipid bilayer 
membranes cooperatively with the scavenging effects on 
reactive oxygen and nitrogen species. 

 The membrane-acting mechanism to change membrane 
fl uidity appears to underlie, at least in part, the inhibitory 
effects of  plant component fl avonoids on tumor cell 
proliferation and membrane lipid peroxidation. 

 Thirdly, in light of  the mode of  action on lipid membranes, 
we verifi ed the possible membrane interactions between 
phytochemicals and drugs. Among membrane-acting 
drugs, anesthetics have been suggested to interact with 
plant or herbal medicines. [ 11 ,  12 ]  Local anesthetics such as 
lidocaine and bupivacaine directly and indirectly block 
Na +  and K +  channels by binding to the membrane-
embedded ion channels and changing the fl uidity of  
nerve cell membranes. [ 49 ,  50 ]  Amphiphilic local anesthetics 
act hydrophobically on phospholipid acyl chains and 
electrostatically on phospholipid polar head-groups, 
rearranging the intermolecular hydrogen-bonded network 
among phospholipid molecules and changing the orienta-
tion of  the P-N dipole of  phospholipid molecules, with a 
subsequent increase of  membrane fl uidity. Therefore, we 
selected phytochemical amphiphiles, fl avonoid phloretin ( 31 ) 
with a long axis structure and alkaloid capsaicin ( 33 ) with 
a lipophilic hydrocarbon chain and a polar moiety, which 
might act on lipid bilayer membranes similarly to local 
anesthetics. 
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 Consequently, phloretin ( 31 ) has been revealed to 
decrease the fl uidity of  nerve cell-mimetic membranes, 
whereas capsaicin ( 33 ) biphasically changes the fl uidity 
depending on concentrations. The characteristic effects 
of  capsaicin ( 33 ) are primarily due to its action on 
membrane phospholipids, not cholesterol, because 
it shows the biphasic feature common to DPPC 
membranes consisting of  100 mol% DPPC and cell-
mimetic membranes consisting of  phospholipids and 
cholesterol. By the concomitant uses, the membrane-
fl uidizing effects of  lidocaine and bupivacaine of  
clinically relevant concentrations have been proved to 
be antagonistically inhibited by 25 μM phloretin ( 31 ) and 
500 μM capsaicin ( 33 ), but additively increased by 50 μM 
capsaicin ( 33 ). A medicinal plant,  Glycyrrhiza uralensis , 
was recently reported to show the pharmacokinetic 
interaction with lidocaine through the induction of  
cytochrome P-450s. [ 51 ]  In addition, medicinal plant 
components may infl uence the effects of  local anesthetics 
by modifying the membrane lipid environments for Na +  
and K +  channels embedded in biomembranes. 

 While the clinical implication of  the membrane 
interactions of  phloretin ( 31 ) and capsaicin ( 33 ) with local 
anesthetics may be beyond the scope of  this study, 
the speculative discussion is useful for the following 
researches. Phloretin ( 31 ) is assumed to act on lipid 
monolayers and bilayers to affect membrane structure 
and permeability. [ 52 ,  53 ]  A polymeric mixture of  polyesters 
of  phloretin ( 31 ) and phosphoric acid was found to 
decrease the duration of  infi ltration anesthesia in 
guinea pigs by lidocaine, bupivacaine and prilocaine, 
and also to terminate their anesthetic effects. [ 54 ]  Such 
an anti-local anesthetic effect was also proved in the 
infi ltration anesthesia of  human teeth. [ 55 ]  The inhibitory 
drug interaction by phloretin ( 31 ) might be valuable to 
discontinue local anesthetic effects as soon as the dental 
treatment is fi nished in some cases of  children and 
mentally retarded patients. Vanilloid receptor agonists, 
including capsaicin ( 33 ), are known to increase the 
effects of  site 1 Na +  channel blockers. [ 56 ]  Capsaicin ( 33 ) 
was reported to potentiate the impulse block by lidocaine 
at 50 μM in rat sciatic nerves. [ 57 ,  58 ]  The cooperative drug 
interaction by capsaicin ( 33 ) would be usable to increase 
and prolong local anesthetic effects. 

   CONCLUSIONS 

 This study describes one of  possible mechanisms for the 
disease preventive and therapeutic effects of  medicinal 
plants containing fl avonoids. Flavonoids structure-depen-
dently act on biomimetic and cellular membranes to 

modify the membrane fl uidity by preferentially acting 
on the hydrophobic deeper regions of  lipid bilayers. The 
most membrane-active quercetin and (–)-epigallocatechin 
g allate, meeting the structure and activity relationship, 
inhibit the proliferation of  tumor cells and the lipid 
peroxidation together with affecting cell membranes. 
When con comitantly used with local anesthetics, phloretin 
and capsaicin decreasingly or increasingly change the 
membrane-fl uidizing effects of  lidocaine and bupivacaine 
which correlate to their anesthetic potencies. Medicinal 
plants may cause inhibitory or cooperative drug interactions 
with membrane-acting local anesthetics. 
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