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The cardiotoxic effects of local anesthetics increase in cardiac ischemia which is characterized by the tis-
sue pH lowering to 6.5 or less. Apart from the cardiac channel blockade, the membrane interaction has been 
referred to as another mode of their cardiotoxic action. By using biomimetic membranes, we verified the 
hypothesis that bupivacaine and lidocaine may increasingly interact with cardiac mitochondrial membranes 
under ischemia-like acidic conditions. Biomimetic membranes were prepared with different phospholipids 
and cholesterol to be unilamellar vesicles suspended in buffers of pH 7.4, 6.9, 6.4 or 5.9. Bupivacaine and 
lidocaine were reacted with the membrane preparations at cardiotoxically relevant concentrations and their 
membrane interactivities were determined by measuring fluorescence polarization. Both drugs interacted 
with 100 mol% 1,2-dipalmitoylphosphatidylcholine, peripheral nerve cell-mimetic and cardiomyocyte-mimet-
ic membranes to increase membrane fluidity, although lowering the reaction pH from 7.4 to 5.9 decreased 
their membrane-fluidizing effects. In cardiomyocyte mitochondria-mimetic membranes containing 20 mol% 
cardiolipin, however, bupivacaine and lidocaine reversely increased their membrane interactivities at pH 
5.9–6.4 compared with pH 7.4. Such increases were greater in anionic phospholipid membranes which con-
sisted of substantial amounts of cardiolipin and phosphatidylserine. Positively charged bupivacaine and lido-
caine would form ion-pairs with the negatively charged head-groups of anionic phospholipids under acidic 
conditions, thereby increasing the induced membrane fluidization. The mitochondrial membrane interactions 
depending on pH lowering may be, at least in part, responsible for local anesthetic cardiotoxicity enhanced in 
acidosis associated with cardiac ischemia.
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It is clinically known that local anesthetics adversely affect 
the cardiovascular system to induce bradycardia, arrhythmia 
and eventually cardiovascular collapse by their accidental in-
travenous injection and absolute overdose. Such cardiotoxicity 
is enhanced by cardiac ischemia, so the relevant drugs should 
be used in individuals only with caution when their hearts are 
ischemic or liable to ischemia episodes.1) The most frequently 
used amide-type local anesthetics, bupivacaine and lidocaine, 
depress the conduction more intensively in ischemic than nor-
mal myocardia.2) The depression of intraventricular conduc-
tion by bupivacaine results in reentrant arrhythmias including 
ventricular fibrillation. Local anesthetics markedly reduce the 
electrical ventricular fibrillation threshold during cardiac isch-
emia.3,4) Myocardial ischemia is characterized by a significant 
lowering of tissue pH to 6.5 or less.5,6) The local anesthetic 
cardiotoxicity enhanced by ischemia has been related to acidic 
conditions7,8) as bupivacaine shows a greater cardiotoxic effect 
in the presence of acidosis.9)

The effects of local anesthetics on cardiac ion channels are 
influenced by the environmental pH.7,8) While local anesthetics 
are present in uncharged and/or charged form depending on 
the pH of tissues, their charged molecules block sodium chan-
nels to reduce the excitability of myocardia and cause cardiac 
malfunction. However, the channel-blocking theory has been 
controversial as to whether the potencies of bupivacaine and 
lidocaine to block cardiac channels are reduced or enhanced 
at acidic pH. The blocking effects of local anesthetics on so-
dium channels were previously reported to be decreased by 

lowering pH.7)

Apart from the channel blockade, the membrane interac-
tion, especially with cardiac mitochondria, to modify mem-
brane biophysical properties like fluidity, ordering and perme-
ability has been referred to as another mode of cardiotoxic 
action of local anesthetics.10,11) The function of mitochondria 
is affected by membrane fluidity changes and the permeability 
of mitochondrial membranes is altered by cardiotoxic drugs.12) 
The membrane effects of local anesthetics are also related to 
the seriousness of their cardiotoxicity.13) A recent report sug-
gested the possibility for positively charged local anesthetics 
to pair with counter-ionic membrane lipids and increase their 
interactivities with lipid bilayers.14)

In the present model study using biomimetic membranes,15) 
we verified the hypothesis that cardiotoxic bupivacaine and 
lidocaine may increasingly interact with cardiac mitochondrial 
membranes under ischemia-like acidic conditions. We focused 
on anionic membrane components in light of their ion pairing 
with positively charged anesthetic molecules.

MATERIALS AND METHODS

Chemicals  Bupivacaine and lidocaine were purchased 
from Sigma-Aldrich (St. Louis, MO, U.S.A.). 1,2-Dipalmi-
toylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoylphos-
phatidylcholine (POPC), 1-palmitoyl-2-oleoylphosphatidyl-
ethanolamine (POPE), bovine heart cardiolipin (CL), 
1-palmitoyl-2-oleoylphosphatidylserine (POPS), porcine brain 
phosphatidylinositol (PI) and porcine brain sphingomyelin 
(SM) were purchased from Avanti Polar Lipids (Alabaster, 
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AL, U.S.A.). Cholesterol and N-tris(hydroxymethyl) methyl-
2-aminoethanesulfonic acid (TES) were obtained from Wako 
Pure Chemicals (Osaka, Japan), and 1,6-diphenyl-1,3,5-
hexatriene (DPH) from Molecular Probes (Eugene, OR, 
U.S.A.). Dimethyl sulfoxide (DMSO) and water of liquid 
chromatographic grade (Kishida, Osaka, Japan) were used for 
preparing reagent solutions. All other chemicals were of the 
highest grade available commercially.

Membrane Preparation  Biomimetic membranes labeled 
with a fluorescent probe DPH were prepared to be unilamellar 
vesicles suspended in 10 mM TES buffer or 20 mM phosphate 
buffer (pH of 7.4, 6.9, 6.4, 5.9, containing 100 mM NaCl and 
25 mM KCl) as reported previously.16) Their lipid compositions 
were as follows: (1) 100 mol% DPPC as a model membrane 
which has been most frequently used in membrane interac-
tion experiments14,16,17); (2) 11 mol% POPC, 16.5 mol% POPE, 
11 mol% POPS, 16.5 mol% SM and 45 mol% cholesterol for 
a peripheral nerve cell-mimetic membrane18); (3) 25 mol% 
POPC, 16 mol% POPE, 3 mol% POPS, 10 mol% CL, 3 mol% 
PI, 3 mol% SM and 40 mol% cholesterol for a cardiomyocyte-
mimetic membrane19); (4) 20 mol% POPC, 12.8 mol% POPE, 
2.4 mol% POPS, 20 mol% CL, 2.4 mol% PI, 2.4 mol% SM and 
40 mol% cholesterol for a cardiomyocyte mitochondria-mi-
metic membrane11); and (5) 30 mol% POPS, 30 mol% CL and 
40 mol% cholesterol for an anionic phospholipid membrane.

Membrane Interactivity Determination  The membrane 
interactivities of local anesthetics were determined as reported 
previously.16) Bupivacaine and lidocaine were reacted with the 
membrane preparations by adding their solutions in DMSO to 
unilamellar vesicle suspensions. The concentration of DMSO 
was adjusted to be 0.5% (v/v) of the total volume so as not to 
affect membrane fluidity. Control experiments were conducted 
with the addition of an equivalent volume of DMSO vehicle. 
When open-chest dogs were received incremental infusions 
of local anesthetics, free plasma concentrations to cause 
cardiovascular collapse were 10–38 µM for bupivacaine and 
162–753 µM for lidocaine.20) The highest mean plasma concen-
tration of bupivacaine was 3 µM in patients during the 5.0 mg/
mL treatment, although it showed no clear signs of toxicity.21) 
Bupivacaine induced cardiac disorders of open-chest pigs at 
plasma concentrations of 17–28 µM.1) The sensitivity to car-
diotoxic local anesthetics was suggested to show species dif-
ferences, by which the toxically relevant concentrations were 
decreased in sheep, guinea pig, etc.20) Based on these quantita-
tive results, the concentrations which would exert cardiotoxic 
effects were used: 200 µM for bupivacaine and 500 µM for li-
docaine in pilot experiments, and 50–200 µM for each drug 
in the following experiments using biomimetic membranes to 
compare membrane interactivities at different pH. After the 
reaction at 37°C for 10 min, DPH fluorescence polarization 
was measured by an RF-540 spectrofluorometer (Shimadzu, 
Kyoto, Japan) equipped with a polarizer under the analytical 
conditions reported previously.17) Compared with controls, a 
decrease of fluorescence polarization indicates an increase of 
membrane fluidity (membrane fluidization).

The polarization values of controls (membranes treated 
with DMSO vehicle alone) varied depending on the reaction 
pH in all membrane preparations. For example, anionic phos-
pholipid membranes showed 0.1588± 0.0005, 0.1604± 0.0006, 
0.1642± 0.0006 and 0.1669± 0.0006 at pH 7.4, 6.9, 6.4 and 5.9, 
respectively. Therefore, the drug-induced polarization changes 

relative to control polarization values were used to compara-
tively determine the membrane interactivities influenced by 
pH differences,11) which were shown by the ratios of such rela-
tive changes at acidic pH to those at pH 7.4.

Statistical Analysis  All results are expressed as means± 
S.E.M. (n=6). Data were analyzed by a one-way analysis of 
variance (ANOVA) followed by a post-hoc Fisher’s protected 
least significant difference (PLSD) test using the computer sta-
tistics package Statview 5.0 (SAS Institute, Cary, NC, U.S.A.); 
the p values <0.05 were considered statistically significant.

RESULTS

Effects on Membranes of Lipid Compositions (1) and (2)  
In pilot experiments, 200 µM bupivacaine and 500 µM lidocaine 
acted on DPPC model membranes and peripheral nerve cell-
mimetic membranes to increase membrane fluidity as shown 
by polarization decreases (Fig. 1). Their membrane-fluidizing 
effects were decreased by changing the pH from 7.4 to 6.4. 
Such decreases were more significant in DPPC model mem-
branes. The membrane interactivities at pH 6.4 relative to pH 
7.4 (1.00± 0.03) were 0.32± 0.01 for bupivacaine and 0.31± 0.01 
for lidocaine in DPPC model membranes, and 0.70± 0.02 for 
bupivacaine and 0.69± 0.01 for lidocaine in nerve cell-mimetic 
membranes (p<0.01 vs. pH 7.4 for all).

Effects on Membranes of Lipid Compositions (3), (4) and 
(5)  Bupivacaine and lidocaine also fluidized cardiomyocyte-
mimetic membranes, cardiomyocyte mitochondria-mimetic 
membranes and anionic phospholipid membranes, although 
their induced fluidization differently depended on pH changes 

Fig. 1. Effects of Bupivacaine and Lidocaine on DPPC Model Mem-
branes (A) and Peripheral Nerve Cell-Mimetic Membranes (B)

Bupivacaine (200 µM) and lidocaine (500 µM) were reacted at pH 6.4 or 7.4 with 
the membrane preparations, followed by measuring fluorescence polarization to 
compare the membrane interactivities. Data are presented as mean±S.E.M. (n=6). 
** p<0.01 vs. pH 7.4.
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from 7.4 to 5.9 (Fig. 2). The fluidizing effects of bupivacaine 
and lidocaine on cardiomyocyte-mimetic membranes were 
decreased by lowering pH. In comparisons at cardiotoxically 
relevant 50 µM of bupivacaine and 200 µM of lidocaine, the 
membrane interactivities at pH 5.9 relative to pH 7.4 (1.00± 
0.07) were 0.09± 0.12 for bupivacaine and 0.65± 0.06 for lido-
caine (p<0.01 vs. pH 7.4 for both). In contrast, when bupiva-
caine and lidocaine of the same concentrations were reacted 
with cardiomyocyte mitochondria-mimetic membranes, their 
membrane-fluidizing effects were increased with lowering the 
reaction pH. The membrane interactivity of bupivacaine at pH 
5.9 relative to pH 7.4 (1.00± 0.10) was 1.25± 0.08 (p<0.05 vs. 
pH 7.4) and that of lidocaine relative to pH 7.4 (1.00± 0.04) 
was 1.15± 0.04 (p<0.01 vs. pH 7.4). Increasing membrane 
interactivities were also found at other concentrations of both 
drugs. Such increases under acidic conditions were greater 

in anionic phospholipid membranes. The membrane interac-
tivities at pH 5.9 were 2.01± 0.40 for 50 µM bupivacaine and 
1.48± 0.04 for 200 µM lidocaine compared with those at pH 7.4 
(1.00± 0.04) (p<0.01 vs. pH 7.4 for both).

DISCUSSION

Membrane-acting drugs rearrange the intermolecular 
hydrogen-bonded network among phospholipid molecules and 
also alter the orientation of the P–N dipole of phospholipid 
molecules, resulting in an increase of membrane fluidity.17) In 
this study, it has been proved that bupivacaine and lidocaine 
interact with biomimetic membranes to increase membrane 
fluidity, while their membrane-fluidizing effects vary with 
changing pH. The pKa values (at 37°C) of local anesthetics are 
8.10 for bupivacaine and 7.77 for lidocaine, which determine 

Fig. 2. Effects of Bupivacaine and Lidocaine on Cardiomyocyte-Mimetic Membranes (A), Cardiomyocyte Mitochondria-Mimetic Membranes (B) 
and Anionic Phospholipid Membranes (C)

Bupivacaine and lidocaine (50, 100, 200 µM for each) were reacted at pH 5.9, 6.4, 6.9 or 7.4 with the membrane preparations, followed by measuring fluorescence polar-
ization to compare the membrane interactivities. Data are presented as mean±S.E.M. (n=6). * p<0.05 and ** p<0.01 vs. pH 7.4.
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the relative ratios of charged and uncharged molecules ac-
cording to the Henderson–Hasselbalch equation (Log10 [B]/
[HB+] =pH −pKa). Therefore, a greater proportion of local 
anesthetics are present as a positively charged form at the 
pH consistent with ischemic acidosis. It has been generally 
believed that local anesthetics decreasingly interact with lipid 
membranes at the pH of values smaller than their pKa. In fact, 
the results obtained from DPPC model membranes, peripheral 
nerve cell-mimetic membranes and cardiomyocyte-mimetic 
membranes agree with the previous studies that the effects of 
local anesthetics on lipid bilayers decreased in a range of pH 
lower than the physiological pH.14,16) While the pH-dependent 
reduction of membrane fluidization was greater in DPPC 
model membranes than cell-mimetic membranes, this differ-
ence is attributable to the absence of a membrane-rigidifier 
cholesterol in 100 mol% DPPC membranes.

Bupivacaine and lidocaine have been revealed to increas-
ingly interact with 20 mol% CL-containing cardiomyocyte 
mitochondria-mimetic membranes at pH 5.9 and 6.4 compared 
with pH 7.4. Such increases are greater in anionic phospholip-
id membranes which consist of substantial amounts of CL and 
POPS. Certain lipid components are suggested to be related to 
increasing the membrane interaction under acidic conditions. 
Amphiphilic local anesthetics interact not only hydrophobi-
cally with phospholipid acyl chains but also electrostatically 
with phospholipid head-groups. Since bupivacaine and lido-
caine are predominantly present as a positively charged form 
at acidic pH, their binding capacities to anionic phospholipids 
should be greater than those to zwitterionic phospholipids like 
DPPC, POPC, POPE, etc. Positively charged local anesthetics 
form the seemingly uncharged ion-pairs with the negatively 
charged head-groups of anionic phospholipids, resulting in an 
increase of their induced membrane fluidization.14) Anionic CL 
and POPS are considered to be the counter ions for pairing 
with local anesthetics.

CL is preferentially localized in mammalian mitochon-
drial membranes with 8–20% of total phospholipids to play 
an important role in cardiac functions, energy metabolism 
and membrane dynamics.22) Bupivacaine is able to read-
ily reach mitochondrial membranes even when applied on 
the outside of cells.23) While local anesthetics affect the 
membrane biophysical properties of cardiac mitochondria at 
cardiotoxically relevant concentrations,24) membrane CL has 
been referred to as their target for cardiotoxicity.25) In this 
study, CL-containing biomimetic membranes were prepared 
to have the membrane lipid composition characteristic to the 
mitochondrial membranes of cardiomyocytes.10) Bupivacaine 
and lidocaine have been revealed to increasingly interact with 
these membrane preparations under ischemia-like acidic con-
ditions. The membrane-interacting features are specific to car-
diomyocyte mitochondria-mimetic membranes, not found in 
peripheral nerve cell- and cariomyocyte-mimetic membranes. 
In comparisons at the cardiotoxically relevant concentrations 
for both drugs, bupivacaine shows a more significant increase 
of relative membrane interactivity than lidocaine at pH 5.9. 
Although it is unclear whether such a difference is due to pKa 
or lipophilicity different between bupivacaine and lidocaine, 
a greater membrane interactivity of bupivacaine at acidic 
pH is correlated to the comparative toxicity that bupivacaine 
is more cardiotoxic than lidocaine.20,26) POPS is also one of 
the abundant phospholipids in biological membranes. Such 

anionic phospholipids as CL and POPS are likely to contribute 
to increasing the membrane interactivities of local anesthetics 
under ischemia-like acidic conditions.

In the blockade of cardiac sodium channels by lidocaine, 
lowering the pH from 7.8 to 6.8 slowed both the rate of devel-
opment of phase block and the recovery from the block.8) The 
potency of lidocaine to block sodium channels was greater at 
pH 6.5 than pH 7.4 with an EC50 of 0.8 mM.7) However, the low 
affinity to channel binding sites in a mM range indicates the 
participation of factors other than channel blockade in enhanc-
ing the cardiotoxicity of local anesthetics. Bupivacaine and 
lidocaine preferably act on biomembranes rich in CL, with a 
resultant membrane biophysical change of cardiac mitochon-
dria, and a subsequent disturbance of mitochondrial function, 
thereby leading to the cardiac malfunction. Their membrane 
interactions increased at acidic pH are related to the cardio-
toxic effects increased in ischemic acidosis.

In conclusion, this study suggests the possibility that bupi-
vacaine and lidocaine of cardiotoxically relevant concentra-
tions modify the fluidity of CL-containing biomembranes 
under ischemia-like acidic conditions more effectively than at 
the physiologically normal pH. The lowering pH-dependent 
interactivities of local anesthetics with mitochondrial mem-
branes may be, at least in part, responsible for their cardiotox-
icity enhancement associated with cardiac ischemia.
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