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EA4650, Caen 14033, France; 2Department of Biochemistry, Centre Hospitalier Universitaire de Caen, Faculty of Medicine, Normandie
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Abstract
Propofol has been shown to exert cardioprotection, but the underlying mechanisms remain incompletely understood. We exam-

ined: (1) whether propofol-induced cardioprotection depended on the time and the dose of administration; (2) the role of mito-

chondrial adenosine triphosphate-sensitive potassium channels, nitric oxide synthase, and mitochondrial respiratory chain activity

in propofol-induced cardioprotection. Human right atrial trabeculae were obtained during cardiopulmonary bypass for coronary

artery bypass and aortic valve replacement. Isometric force of contraction of human right atrial trabeculae hanged in an oxyge-

nated Tyrode’s solution was recorded during 30-min hypoxia and 60-min reoxygenation (Control). Propofol 0.1, 1, and 10 mM was

administered: (1) 5 min before hypoxia until the end of the experiment; (2) 5 min followed by 5-min washout before hypoxia; (3)

during the reoxygenation period, propofol 10 mM was administered in presence of 5-hydroxydecanoate (antagonist of mitochon-

drial adenosine triphosphate-sensitive potassium channels), and NG-nitro-L-arginine methyl ester (inhibitor of nitric oxide syn-

thase). In addition, mitochondria were isolated from human right atrial at 15 min of reoxygenation. The effect of propofol on activity

of the mitochondrial respiratory chain complexes was evaluated by spectrophotometry. The force of contraction (% of baseline)

and the complex activity between the different groups were compared with an analysis of variance and post hoc test. Propofol

10 mM administered during the reoxygenation period significantly improved the recovery of force of contraction at the end of

reoxygenation (82� 6% of baseline value vs. 49� 6% in Control; P< 0.001). The beneficial effects of propofol 10 mM were abol-

ished by co-administration with 5-hydroxydecanoate (53� 8%) or NG-nitro-L-arginine methyl ester (57� 6%). Propofol 10 mM

significantly increased enzymatic activities of the mitochondrial respiratory chain complexes, in reoxygenation period, compared

to their respective untreated controls. In conclusion, in human myocardium, propofol-induced cardioprotection was mediated by

mitochondrial adenosine triphosphate-sensitive potassium channels opening, nitric oxide synthase activation and stimulation of

mitochondrial respiratory chain complexes, in early reoxygenation period.
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Introduction

The intravenous anesthetic propofol (2,6-diisopropylphe-
nol) is widely used for the induction and maintenance of
anesthesia. The cardioprotective effect of propofol has been
shown in experimental studies on post-ischemic myocardial
contractile dysfunction,1–3 arrhythmias,4 infarct size,2,3,5

and histological damage.3 However, results from clinical
studies remain contradictory, suggesting indirect cardiopro-
tective effects in pediatric cardiac surgery6 or lack of cardi-
oprotective effect in adult cardiac and non-cardiac
surgery.7–9

Besides the antioxydant activity of propofol,1,2,5 the mito-
chondria seem to play a key role in propofol-induced car-

dioprotection as suggested by the attenuation of reactive

oxygen species production in early reoxygenation,10 inhib-
ition of the mitochondrial permeability transition pore,11,12

and regulation of mitochondrial DNA transcription.13

However, the role of the mitochondrial adenosine tripho-

sphate-dependent potassium channel remains unclear.2,14,15

Finally, propofol has been shown to inhibit mitochondrial

respiration of rat liver,16 but only one study reported the
effect of propofol on the mitochondrial respiratory chain
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activity during myocardial ischemia reperfusion.17

Altogether, these data suggest that propofol should exert
its cardioprotective effect during reperfusion where mito-
chondria and the burst of reactive oxygen species play a key
role in ischemia reperfusion injury.18

In the present study, using isolated human myocardium,
we tested the hypothesis that propofol-induced cardiopro-
tection could depend on the time of its administration. In
addition, we examined the effect of propofol on the mito-
chondrial respiratory chain complexes, and the role of the
nitric oxide synthase (NOS) and mitochondrial adenosine
triphosphate-sensitive potassium channels on the cardio-
protective effect of propofol.

Materials and methods

After the approval of local medical ethics committee,
Comité de Protection des Personnes Nord Ouest III, Caen,
France (ref.: DC-2013-1967 for Pr Jean-Luc Hanouz) and
written informed consent, right atrial appendages were
obtained during cannulation for cardiopulmonary bypass
from patients scheduled for coronary artery bypass surgery
and aortic valve replacement. Patients with chronic atrial
arrhythmia and diabetes mellitus treated with insulin or
oral hypoglycemic agents were excluded from the study
because of myocardial remodeling and interference with
cardioprotective mechanism.19,20 The patients in whom
volatile anesthetics were administered before atrial append-
age dissection have not been included in the present study,
because it has been shown that volatile anesthetics may
result in myocardial preconditioning in clinical studies.21,22

Contracting isolated human right atrial trabeculae

Right atrial trabeculae (one or two per appendage) were
dissected and suspended vertically between an isometric
force transducer (MLT0202; AD Instruments, Sydney,
Australia) and a stationary stainless clip in a 200 mL
jacketed reservoir filled with daily prepared Tyrode’s mod-
ified solution containing 0.12 M sodium chloride, 3.5 mM
potassium chloride, 1.1 mM magnesium chloride, 1.8 mM
sodium phosphate monobasic, 25.7 mM sodium bicarbon-
ate, 2.0 mM calcium chloride, and 5.5 mM glucose. To
ensure stability of the model throughout the experiment,
the jacketed reservoir was maintained at 34� 0.5�C by a
thermostatic water circulator (Polystat micropros;
Bioblock, Illkirch, France). The bathing solution was oxyge-
nated with carbogen (95% dioxygen-5% Carbon dioxide),
resulting in a pH of 7.40� 0.05 and a partial pressure of
oxygen of 600� 50 mmHg. Isolated muscles were field-
stimulated at 1 Hz by two platinum electrodes with rect-
angular wave pulses of 5 ms duration 20% above threshold
(CMS 95107; Bionic Instrument, Paris, France).

Trabeculae were equilibrated for 60–90 min to allow sta-
bilization of their optimal mechanical performance at the
apex of the length active isometric tension curve (Lmax).
The force developed was measured continuously, digitized
at a sampling frequency of 400 Hz, and stored in a computer
(PowerLab; ADInstruments). In all groups, hypoxia-reoxy-
genation was performed by replacing 95% dioxygen-5%
carbon dioxide with 95% diazote-5% carbon dioxide in

the buffer for 30 min, followed by a 60-min oxygenated
recovery period. The primary endpoint of contracting
experiments was the recovery of force of contraction at
60 min of reoxygenation (expressed as percent of baseline).

At the end of experiment, the muscle cross-sectional area
was calculated from its weight and length assuming a cylin-
drical shape and a density of 1. To avoid core hypoxia,
trabeculae included in the study must have a cross-sectional
area less than 1.0 mm2, a force of contraction normalized per
cross-sectional area greater than 5.0 mN/mm2, and a ratio
of resting force/total force less than 0.50 otherwise they
were excluded a posteriori.

Activity of complexes I, II, III, and IV of the
mitochondrial respiratory chain

Preparation of isolated mitochondria from human right
atrial myocardial. After 15 min of reoxygenation, atrial
sample immediately placed in cold buffer A containing
mannitol 0.21 M, sucrose 70 mM, Tris 50 mM, potassium
EDTA 10 mM, pH 7.4. All operations were carried out in
the cold at 4�C Briefly, atrial sample (0.3–0.5 g) placed in
isolation buffer A, then it was finely minced with scissors,
and incubated at 37�C with trypsin during 30 min, the
enzymatic reaction is stopped with the addition of inhibitor
of trypsin. Then, atrial sample is homogenized with a
Polytron. The homogenate was centrifuged at 1500 g for
15 min. The supernatant was centrifuged at 8000 g for
20 min. The mitochondrial pellet was suspended in isola-
tion buffer B containing mannitol 0.225 M, sucrose 75 mM,
Tris 10 mM, potassium EDTA 0.1 mM, pH 7.2. Protein con-
tent was routinely assayed according to procedure with
bovine serum albumin (BSA) used as a standard.

Measurement of respiratory chain enzyme activities. The
mitochondrial respiratory chain enzymatic activities were
determined by spectrophotometry from isolated mitochon-
dria of human atria as previously described by Medja
et al.23 The data of each complex (I, II, III, IV) were
expressed as a ratio between activities of a given complex
and the citrate synthase.23

Measurement of citrate synthase activity. Citrate syn-
thase activity was determined by the reduction of DTNB
at 412 nm. The assay mixture contained Tris 0.1 M
pH¼ 7.5, 5,50-dithio-bis (2-nitrobenzoic acid) 100mM,
acetyl CoA 0.3 mM, Triton 0.1%. The mitochondrial
sample was added to the assay mixture and the reaction
was triggered by the addition of oxaloacetic acid 500mM.
Activity was calculated using an extinction coefficient of
"¼ 13.5 e3 L.mol�1 for 5,50-dithio-bis (2-nitrobenzoic acid).
Citrate synthase activity corresponds to the difference
between the activity with and without oxaloacetic acid
used as substrate.

Measurement of complex I enzymatic activity. The com-
plex I (nicotinamide adenine dinucleotide –CoQ reductase)
activity was evaluated by measuring rotenone-sensitive
decrease in the absorbance of nicotinamide adenine dinucleo-
tide at 340 nm. The assay mixture contained potassium
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phosphate monobasic buffer 25 mM pH 7.5, BSA 5%,
dichloroindophénol 75mM, decylubiquinone 100mM, anti-
mycin 0.1% 1 mg/ml, nicotinamide adenine dinucleotide
0.2 mM. The mitochondrial sample was added to the
assay mixture and the reaction was triggered by the add-
ition of 60 mM nicotinamide adenine dinucleotide. Activity was
calculated using an extinction coefficient "¼ 6.2.e3 L.mol�1

for nicotinamide adenine dinucleotide. Specific activity of the
enzyme was expressed as the amount of nicotinamide aden-
ine dinucleotide oxidized (10�9 mol.min�1.mg�1). The com-
plex I activity represents the difference between the
complex I activity without rotenone and with rotenone
25mM measured in parallel in spectrophotometer.

Measurement of complex II enzymatic activity. The com-
plex II (succinate deshydrogenase) activity was measured at
600 nm corresponding to the reduced form of 2,6-dichlor-
oindophenol. The assay mixture contained potassium phos-
phate monobasic buffer 25 mM pH 7.5, BSA 5%, potassium
cyanide 1 mM, succinate 20 mM pH 7.4, 2,6-dichloroindo-
phénol 50mM, ATP 0.1 M. The reaction was triggered by the
addition of decylubiquinone 100mM. Complex II activity
was calculated using an extinction coefficient of "¼ 19.1.e3

L.mol�1 for dichloroindophénol. The complex II activity
represents the difference between the complex II activity
with decylubiquinone and without decylubiquinone.

Measurement of complex III enzymatic activity. The anti-
mycin-sensitive complex III activity (decylubiquinol/ferri-
cytochrome c oxido-reductase) was evaluated by
measuring the increase in reduced cytochrome c absorb-
ance at 550 nm. The assay mixture contained potassium
phosphate monobasic buffer 0.1 M pH 7.5; EDTA 250mM;
cytochrome c 50 mM final, antimycin 12.5 mM. The mito-
chondrial sample was added to assay mixture and reaction
was started by addition of 200mM decylubiquinol. Activity
was calculated using an extinction coefficient "¼ 18.5.e3

L.mol�1 for cytochrome c. Specific activity of the enzyme
was expressed as the amount of cytochrome c reduced
(nmol.min�1.mg�1). The complex III activity represents
the difference between the complex III activity without anti-
mycin and the complex III activity with antimycin.

Measurement of complex IV enzymatic activity. The com-
plex IV activity (cytochrome c oxydase) was evaluated by
measuring the decrease of reduced cytochrome c absorb-
ance at 550 nm. The assay mixture contained potassium
phosphate monobasic buffer 100 mM pH 7.5; EDTA
250mM; cytochrome c bovin 50 mM final, antimycin
12.5 mM. The sample was added to assay mixture and reac-
tion was started by addition of 200mM decylubiquinol.
Activity was calculated using an extinction coefficient
"¼ 18.5.e3 L.mol�1 for cytochrome c.

Experimental protocols

Isolated human right atrial contracting
experiments. Trabeculae were randomly assigned to one
of the experimental groups (Figure 1(a)).

In the control group (‘‘Control’’; n¼ 6), trabeculae were
exposed to the hypoxia-reoxygenation protocol alone.

In independent groups, propofol at 0.1mM, 1mM, and
10 mM was administered.

1. Throughout the experiment: 5 min before hypoxia
until the end experiment (‘‘Propofol All-0.1 mM,’’
‘‘Propofol All-1 mM,’’ and ‘‘Propofol All-10 mM’’
groups; n¼ 6 for each concentration).

2. Before hypoxia during 5 min followed by 5-min wash-
out (‘‘Propofol Pre-0.1 mM,’’ ‘‘Propofol Pre-1mM,’’ and
‘‘Propofol Pre-10 mM’’ groups; n¼ 6 for each concen-
tration, Figure 1(a)).

3. During reoxygenation: 5 min before reoxygenation
until the end experiment (‘‘Propofol Post-0.1 mM,’’
‘‘Propofol Post-1 mM,’’ and ‘‘Propofol Post-10mM’’
groups; n¼ 6 for each concentration, Figure 1(a)).

The concentrations tested were based on plasma propo-
fol concentrations measured during anesthesia and
reported from 0.7 to 20 mg.mL�1 (4 mM to 100mM).24

Because 97–99% of propofol is bound to proteins, free
plasma propofol concentrations should be less than 3mM.

The involvement of mitochondrial adenosine tripho-
sphate-sensitive potassium channels and NOS was tested
using 500mM 5-hydroxydecanoate (‘‘Post-10 mMþ 5-hydro-
xydecanoate’’ group; n¼ 6) an antagonist of mitochondrial
adenosine triphosphate-sensitive potassium channels and
200mM L-NG-Nitroarginine méthyl ester (‘‘Post-
10 mMþNG-nitro-L-arginine methyl ester’’ group; n¼ 6) a
non-selective NOS inhibitor, respectively, in presence of
propofol 10 mM administered during reoxygenation
period. The inhibitors were administered 10 min before
and during the reoxygenation. In two additional groups,
muscles were exposed to 500 mM 5-hydroxydecanoate
alone (‘‘5-hydroxydecanoate’’ group; n¼ 6) and 200mM
NG-nitro-L-arginine methyl ester alone (‘‘NG-nitro-L-argi-
nine methyl ester’’ group; n¼ 6), 10 min before and during
the reoxygenation (Figure 1(a)). The concentrations of 5-
hydroxydecanoate 500mM and NG-nitro-L-arginine
methyl ester 200mM have been used in human myocardium
in vitro.19,20

Finally, in order to evaluate the specific effect of propo-
fol, we have tested the effect of intralipid used in the for-
mulation of propofol solution. The selected dose of
intralipid is equivalent to that administered during a
10 mM propofol infusion (less of intralipid 0.01%), adminis-
tered in a first group all along the experiment (started 5 min
before hypoxia; intralipid-All group; n¼ 6) and in the
second group during the reoxygenation period (intralipid-
Post group; n¼ 6).

Isolated mitochondria and measurement of respiratory
chain complexes activity. Baseline activity of mitochon-
drial respiratory chain complexes was measured on
mitochondria isolated from atrial appendages without
hypoxia-reoxygenation protocol (‘‘Sham’’ group; n¼ 6).
The mitochondria were isolated from atrial appendages
after 30-min hypoxia followed by 15 min of reoxygenation
(‘‘Control’’ group; n¼ 6). We have previously showed
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Figure 1 Schematic diagram depicting the experimental protocol. (a) All isolated human right atrial trabeculae were exposed to 30-min hypoxic period followed by

60-min reoxygenation period, alone in ‘‘Control’’ group (n¼6). In ‘‘Propofol All’’ groups, propofol at 0.1 mM, 1 mM, and 10 mM was administered 5 min before hypoxia

until the end experiment n¼ 6 for each concentration. In ‘‘Propofol Pre’’ groups, propofol at 0.1mM, 1mM and 10mM was administered before hypoxia during 5 min

followed by 5-min washout before hypoxia (n¼ 6 for each concentration). In ‘‘Propofol Post’’ groups, propofol at 0.1mM, 1mM, and 10 mM was administered during

reoxygenation: 5 min before reoxygenation until the end experiment (n¼6 for each concentration). In ‘‘Propofol-Post 10mMþ inhibitors’’ groups and ‘‘inhibitors’’

groups, 5-hydroxydecanoate and NG-nitro-L-arginine methyl ester were infused 10 min before reoxygenation and throughout reoxygenation (n¼6 in each group). In

‘‘Intralipid-All’’ group, intralipid 0.01% was administered all along the experiment (started 5 min before hypoxia) and in ‘‘Intralipid-Post’’ group, intralipid 0.01% was

administered during the reoxygenation period (n¼ 6 in each group). (b) Mitochondria are isolated from atrial appendages: (1) without hypoxia-reoxygenation protocol

(‘‘Sham’’ group; n¼6), (2) after 30-min hypoxia followed by 15 min of reoxygenation (‘‘Control’’ group; n¼ 6), (3) exposed to propofol 10 mM, 5 min before reoxyenation

and during the 15 min reoxygenation period (‘‘Propofol-Post 10mM’’ group; n¼6) and exposed to intralipid 0.01%, 5 min before reoxyenation and during the 15 min

reoxygenation period (‘‘Intralipid-Post 0.01%’’ group; n¼6)
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that 30-min hypoxia was sufficient to activate apoptotic
cascade.20 Separate atrial appendages were exposed to propo-
fol 10mM, 5 min before reoxyenation and during the 15 min-
reoxygenation period (‘‘Propofol-Post 10mM’’ group; n¼ 6)
and in another group to intralipid 0.01%, 5 min before reox-
yenation and during the 15-min reoxygenation period
(‘‘Intralipid-Post 0.01%’’ group; n¼ 6, Figure 1(b)).

Biochemicals

Propofol was purchased from B.Braun Medical (Boulogne-
Billancourt, France). 5-hydroxy decanoate and NG-nitro-L-
arginine methyl ester were purchase from Sigma Aldrich
(Saint Quentin Fallavier, France). Intralipid 20% was pur-
chased from Fresenius Kabi France, (Sèvre, France).

Statistics

Data are expressed as mean� SD. Baseline values of main
mechanical parameters, age, preoperative left ventricular
ejection fraction, and the recovery of force of contraction
at 60 min of reoxygenation were compared by univariate
analysis of variance with group factor as the independent
variable. Statistical analysis was performed with Statview
v5.0 software (Deltasoft, Meylan, France). All P values were
two-tailed and that a P value of less than 0.05 was con-
sidered significant. If the P value was less than 0.05, a
Bonferroni post hoc analysis was performed.

For the mitochondrial respiratory chain, the enzymatic
activity of each complex was normalized to that of the cit-
rate synthase activity. The citrate synthase activity was mea-
sured for evaluating the quality of the mitochondria used.23

The ratio of each complex activity/citrate synthase activity
was compared by univariate analysis of variance with
group factor as the independent variable. If the P value
was less than 0.05, a Bonferroni post hoc analysis was per-
formed. Data are expressed as mean� SEM.

Results

Patients’ characteristics and left ventricular ejection fraction
were not different between groups (Table 1). Ninety-six
right atrial trabeculae and 24 right atrial appendages were
studied. There were no significant differences between the
groups for trabeculae length at the apex of the length-
active isometric tension curve, cross-sectional area, ratio
of resting-to-total force (Table 2).

Effects of propofol on contractile force of human right
atrial trabeculae submitted to hypoxia-reoxygenation

In the Control group, the recovery of force of contraction at
60 min of reoxygenation was 49� 6% of baseline.

Propofol throughout the experiment did not signifi-
cantly modify the force of contraction at 60 min of reoxy-
genation (‘‘Propofol All-0.1 mM’’: 58� 9% of baseline;
P¼ 0.13 vs. ‘‘Control’’; ‘‘Propofol All-1mM’’: 60� 12%;
P¼ 0.52 vs. ‘‘Control’’ and ‘‘Propofol All-10 mM’’:
58� 11%; P¼ 0.12 vs. ‘‘Control,’’ Figure (2)).

Administration of propofol before hypoxia did not sig-
nificantly modify the force of contraction at 60 min of reox-
ygenation at 0.1 mM (‘‘Propofol Pre-0.1 mM’’: 53� 13% of

baseline; P¼ 0.48 vs. ‘‘Control’’), 1mM (‘‘Propofol Pre-
1mM’’: 56� 12%; P¼ 0.11 vs. ‘‘Control’’), and 10 mM
(‘‘Propofol Pre-10mM’’: 53� 10%; P¼ 0.46 vs. ‘‘Control,’’
Figure (2)).

Administration of propofol during reoxygenation at
0.1mM and 1mM did not significantly modify the force of
contraction at 60 min of reoxygenation (‘‘Propofol Post-
0.1mM’’: 59� 8% of baseline; P¼ 0.10 vs. ‘‘Control’’; and
‘‘Propofol Post-1 mM’’: 50� 10%; P¼ 0.78 vs. ‘‘Control’’).

Propofol at 10 mM during reoxygenation significantly
enhanced the force of contraction at 60 min of reoxygena-
tion (‘‘Propofol Post-10 mM’’: 82� 6% of baseline; P< 0.001
vs. ‘‘Control’’). As compared to ‘‘Control’’ group, intralipid
0.01% alone did not significantly modify the recovery of the
force of contraction at 60 min of reoxygenation (55� 5 % of
baseline in ‘‘Intralipid-All’’ and 52� 10% in ‘‘Intralipid-
Post,’’ respectively P¼ 0.27 and 0.62 vs. ‘‘Control’’).

Effect of 5-hydroxydecanoate and NG-nitro-L-arginine
methyl ester treatment on propofol 10 mM administered
during reoxygenation

Pre-treatment with 5-hydroxydecanoate and NG-nitro-
L-arginine methyl ester 5 min prior to propofol 10 mM
inhibited the propofol-induced increase in the force of con-
traction at 60 min of reoxygenation (53� 8% in ‘‘Post-
10 mMþ 5-hydroxydecanoate’’ group and 57� 6% in
‘‘Post-10 mMþNG-nitro-L-arginine methyl ester’’ group of
baseline; P< 0.001 vs. ‘‘Propofol Post-10mM,’’ Figure 3).

Administration of 5-hydroxydecanoate alone and NG-
nitro-L-arginine methyl ester alone did not modify the
force of contraction at 60 min of reoxygenation as compared
to ‘‘Control’’ group (respectively 45� 9% of baseline in ‘‘5-
hydroxydecanoate’’ group; P¼ 0.55 vs. ‘‘Control’’ and
52� 8% in ‘‘NG-nitro-L-arginine methyl ester’’ group;
P¼ 0.44 vs. ‘‘Control’’, Figure 3).

Effect of propofol 10 kM and intralipid on mitochondrial
respiratory chain activity

Mitochondria isolated after 30-min hypoxia followed by
15 min of reoxygenation exhibited a significant decrease in
the ratio of complex I/citrate synthase (2.76 fold vs.
‘‘Sham’’; P< 0.01), complex II/citrate synthase (3.12 fold
vs. ‘‘Sham’’; P< 0.001), and complex III/citrate synthase
(2.48 fold vs. ‘‘Sham’’; P< 0.05), but not for the complex
IV/citrate synthase (1.93 fold vs. ‘‘Sham’’; P¼ 0.21,
Figure 4).

As compared to mitochondria from atria submitted to
30-min hypoxia followed by 15 min of reoxygenation
alone (‘‘Control’’), administration of propofol 10 mM
during the reoxygenation period (‘‘Propofol-Post 10 mM’’)
increased the ratio of complex I/citrate synthase (3.34 fold
vs. ‘‘Control’’; P< 0.001), complex II/ citrate synthase (2.87
fold vs. ‘‘Control’’; P< 0.01), complex III/citrate synthase
(2.57 fold vs. ‘‘Control’’; P< 0.05), and complex VI/citrate
synthase (2.52 fold vs. ‘‘Control’’; P< 0.01, Figure 4).

For all mitochondrial respiratory complexes reported to
citrate synthase activity, no significant difference was
observed between ‘‘Sham’’ and ‘‘Propofol-Post 10mM’’
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Table 2 Control values of main mechanical parameters of human right atrial trabeculae

Experimental groups Lmax (mm) CSA (mm2) FoC (mN.mm�2) RF/TF

Control (n¼ 6) 6.0� 1.2 0.52� 0.17 24� 18 0.33� 0.14

Propofol All-0.1 mM (n¼6) 5.8� 1.7 0.33� 0.12 23� 12 0.40� 0.09

Propofol All-1 mM (n¼6) 6.3� 1.2 0.68� 0.38 29� 13 0.35� 0.12

Propofol All-10 mM (n¼ 6) 6.9� 2.0 0.46� 0.17 27� 5 0.29� 0.05

Propofol Pre-0.1 mM (n¼ 6) 5.8� 1.0 0.50� 0.16 19� 7 0.32� 0.15

Propofol Pre-1 mM (n¼ 6) 6.7� 1.8 0.51� 0.25 27� 11 0.35� 0.14

Propofol Pre-10mM (n¼ 6) 5.5� 1.3 0.48� 0.24 19� 11 0.31� 0.12

Propofol Post-0.1 mM (n¼ 6) 7.0� 1.6 0.40� 0.09 17� 9 0.39� 0.10

Propofol Post-1 mM (n¼6) 6.5� 1.1 0.63� 0.24 18� 9 0.39� 0.05

Propofol Post-1 0mM (n¼6) 5.5� 1.0 0.34� 0.08 30� 15 0.35� 0.12

Post-10 mMþ 5-Hydroxy-Decanoate (n¼ 6) 4.7� 0.8 0.32� 0.12 24� 16 0.38� 0.11

Post-10 mMþNG-nitro-L-arginine methyl ester (n¼ 6) 5.3� 1.5 0.41� 0.15 26� 11 0.26� 0.07

5-Hydroxy-Decanoate (n¼6) 5.9� 0.9 0.48� 0.07 17� 7 0.39� 0.07

NG-nitro-L-arginine methyl ester (n¼6) 5.6� 1.6 0.45� 0.05 21� 6 0.31� 0.06

Intralipid-All (n¼6) 5.5� 1.4 0.55� 0.16 25� 10 0.25� 0.07

Intralipid-Post (n¼6) 6.2� 1.7 0.37� 0.11 21� 10 0.39� 0.10

Lmax: maximal length at the apex of the length-active force curve; CSA: cross-sectional area; FoC: isometric force of contraction normalized per cross-sectional area;

RF/TF: ratio of resting force on total force; LVEF: preoperative left ventricular ejection fraction.

Note: Data are mean�SD.

Figure 2 Recovery of force of contraction of isolated human right atrial trabeculae at the end of the 60-min reoxygenation period after the 30-min hypoxic challenge in

groups exposed to propofol, Control group (n¼6). In ‘‘Propofol All’’ groups, propofol at 0.1 mM, 1mM, and 10 mM was administered 5 min before hypoxia until the end

experiment (n¼6 for each concentration). In ‘‘Propofol Pre’’ groups, propofol at 0.1mM, 1mM and 10mM was administered before hypoxia during 5 min followed by 5-

min washout period before hypoxia (n¼6 for each concentration). In ‘‘Propofol Post’’ groups, propofol at 0.1mM, 1 mM and 10mM was administered during reox-

ygenation: 5 min before reoxygenation until the end experiment (n¼6 for each concentration).

Data are mean�SD. *P<0.001 versus ‘‘Control’’ group
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groups (P¼ 0.12, P¼ 0.54, P¼ 0.87, P¼ 0.51, respectively,
for complex I, II, III, and IV).

Compared to ‘‘Control’’ group (mitochondria from atria
submitted to 30-min hypoxia followed by 15 min of reoxy-
genation alone), administration of intralipid 0.01% dur-
ing the reoxygenation period (‘‘Intralipid-Post’’) did not
significantly modify the ratio of complex I/citrate
synthase (P¼ 0.78 vs. ‘‘Control’’), complex II/citrate syn-
thase (P¼ 0.95 vs. ‘‘Control’’), complex III/citrate synthase
(P¼ 0.82 vs. ‘‘Control’’), and complex VI/citrate synthase
(P¼ 0.71 vs. ‘‘Control’’).

Discussion

The present study showed that, in human myocardium: (1)
propofol administered before and during hypoxia-reoxy-
genation had no effect on the recovery of contractile force
following hypoxia-reoxygenation; (2) administration of
propofol 10 mM during the reoxygenation period enhanced
the contractile force through opening of mitochondrial
adenosine triphosphate-sensitive potassium channels and
activation of NOS; (3) propofol 10 mM during the early
phase of reoxygenation enhanced the activity of mitochon-
drial respiratory chain.

Several experimental evidences suggest that propofol
could exert cardioprotective effects. A continuous adminis-
tration of propofol improved post-ischemic functional
recovery of isolated perfused rat hearts12 and decreased
the incidence of ventricular arrhythmias during acute cor-
onary occlusion in vivo.25 In anesthetized pigs, administra-
tion of propofol (6 mg.kg�1.h�1) during cardiopulmonary
bypass, attenuated the accumulation of lactate, preserved
ATP content, decreased cardiac troponin I release, and
reduced hemodynamic dysfunction after cardioplegic
arrest.26 Additionally, propofol-induced myocardial pre-
conditioning has been shown to decrease infarct size, left
ventricular function and coronary flow in isolated
heart,2,15,27 and arrhythmia occurrence in rat heart,
in vivo.25 A study of Zuurbier et al.,28 in heart mouse
model, showed that pharmacologic conditioning (high-
dose folic acid) was ineffective to protect against myocar-
dial ischemia reperfusion injuries, when the animals were
anesthetized by a mix of fentanyl-propofol, nevertheless,
the results of this study are limited by the fact that the
authors used simultaneously two anesthesic, in conse-
quence it is difficult to determine if the lack of cardioprotec-
tion was due to propofol or fentanyl.28 In contrast, the
present results showed that propofol did not trigger myo-
cardial preconditioning and that continuous administration
of propofol during hypoxia-reoxygenation did not modify
the recovery of contractile force of isolated human right
atrial myocardium submitted to hypoxia-reoxygenation.
Several hypotheses could explain, at least in part, these
results:

First, in previous experimental studies concentrations of

propofol were either not reported or higher than those

tested in the present study. Thus, propofol concentra-

tions administered in the present study were 3 to 100-

fold lower than those reported in animal studies15,27 and

represent clinically relevant concentrations. Because our

results suggest a concentration dependent effect of pro-

pofol it cannot be ruled out that higher concentration of

propofol may induce pharmacological preconditioning.

A concentration-effect relationship has been reported for

the cardioprotection induced by opioids29 and haloge-

nated volatile anesthetics.30 Second, there are several dif-

ferences between end points (from in vivo ventricular

function and arrhythmias to troponin release and

in vitro isometric contractile force) and experimental set-

tings (from in vivo cardiopulmonary bypass to isolated

myocardial strip) which hinder comparisons between

studies. Third, species differences in myocardial physio-

pathology cannot be ruled out.31 Studies on animal

models mainly examined healthy heart or myocardium

whereas in the present study the effect of chronic dis-

eases and treatments cannot be ruled out. Fourth, in

anesthetized animals, the effect of additional anesthetic

agents such as opioids and ketamine cannot be

excluded.32 Finally, clinical studies have shown that as

compared with volatile anesthetics, propofol based anes-

thesia had less or no cardioprotective effect.8,9

Figure 3 Recovery of force of contraction of isolated human right atrial tra-

beculae at the end of the 60-min reoxygenation period after the 30-min hypoxic

challenge in groups exposed to propofol 10mM during reoxygenation alone

(Propofol Post-10 mM group, n¼6) and in the presence of 5-Hydroxydecanoate

(‘‘Post-10 mMþ5-Hydroxydecanoate’’ group, n¼6) and NG-nitro-L-arginine

methyl ester (‘‘Post -10mMþNG-nitro-L-arginine methyl ester’’ group, n¼ 6).

Data are mean�SD. *P<0.0001 versus ‘‘Control,’’ ‘‘Post-10mMþ 5 -

Hydroxydecanoate,’’ ‘‘Post-10 mMþNG-nitro-L-arginine methyl ester,’’ ‘‘5 -

Hydroxydecanoate,’’ ‘‘NG-nitro-L-arginine methyl ester’’ groups
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It has been established that propofol exerts antioxidant
effect.1,5,33 In isolated rat heart, it has been shown that pro-
pofol was protective against peroxidative damage induced
by exogenous H2O2.1 During surgery, propofol inhibited the
oxidative damage and increased glutathione content in
platelets,34 and decreased lipid peroxidation in right atrial
myocardium.35 These data strongly suggest that propofol
could exert cardioprotection during the reperfusion where
burst of reactive oxygen species occurs. The present results
showed that propofol at 10 mM administered during the
reoxygenation period enhanced the recovery of force of con-
traction of isolated human myocardium. Altogether our
results and the previous results suggest that propofol
limits the bust of reactive oxygen species in early reoxy-
genation period, permitting a cardioprotective effect.
Moreover, we showed that the intralipid emulsion (the
vehicle used to deliver propofol) alone was not protective
against myocardial hypoxia-reoxygenation injuries; in

accordance of previous studies in animal models,3,5,34 sug-
gesting the cardioprotective effect of propofol was not due
to an excipient.

The mechanisms involved in propofol-induced cardio-
protection at reperfusion remain incompletely understood.
It was already demonstrated that propofol-induced post-
conditioning is mediated through decrease in cardiomyo-
cyte apoptosis and NF-kB nucleus translocation potentially
via ERK signaling pathways.36 Although, nitric oxide has
been shown to mediate ischemic pre and postcondition-
ing,37 its role in propofol-induced cardioprotection remains
poorly studied. At the present time, one study showed that
the cardioprotective effect of propofol was mediated
through increased in NOS activity and Nitric Oxide produc-
tion, in the isolated rat hearts.27 The present results showed
that the propofol-induced cardioprotection during reoxy-
genation phase was abolished in the presence of NG-
nitro-L-arginine methyl ester, in human myocardium

Figure 4 Activity of complexes of the mitochondrial respiratory chain: the ratio complex 1 enzymatic activity / citrate synthase activity (a), the ratio complex 2

enzymatic activity / citrate synthase activity (b), the ratio complex 3 activity / citrate synthase activity (c), the ratio complex 4 activity / citrate synthase activity (d); in

Sham group (n¼6), in group exposed to 30-min hypoxia followed by 15-min reoxygenation period alone (‘‘Control’’ group, n¼ 6), in presence of propofol 10mM during

reoxygenation (‘‘Propofol Post-10 mM’’ group, n¼ 6), and in presence of intralipid 0.01% during reoxygenation (‘‘Intralipid Post-0.01%’’ group, n¼6).

Data are mean�SEM. *P< 0.01 versus ‘‘Control’’ and ‘‘Intralipid Post 0.01%’’ groups; # P<0.05 versus ‘‘Control’’ group
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suggesting that nitric oxide production was, at least in part,
involved. A growing body of evidences suggests that mito-
chondrion is a major component of cellular cardioprotective
pathways.

The role of mitochondrial adenosine triphosphate-
sensitive potassium channels in the cardioprotective effect
of propofol remains controversial. It has been shown that
opening of mitochondrial adenosine triphosphate-sensitive
potassium channels mediated the effect of preconditioning
by propofol, in rat in vivo.14 In contrast, in isolated guinea
pig heart submitted to ischemia-reperfusion, 5-hydroxyde-
canoate and glyburide (non-specific adenosine tripho-
sphate-sensitive potassium channels antagonist) did not
modify the reduction in infarct volume induced by propo-
fol.15 Finally, 5-hydroxydecanoate has been shown to exert
metabolic effects independently of adenosine triphosphate-
sensitive potassium channels (i.e. inhibition of respiratory
chain complexes).38 Our study shows that 5-hydroxyde-
canoate inhibited the enhanced recovery of myocardial con-
tractile force induced by propofol, suggesting
mitochondrial adenosine triphosphate-sensitive potas-
sium channels could be involved, for precise the mech-
anism, we have then examined the effect of propofol
during the reoxygenation on the respiratory chain com-
plex of isolated mitochondria isolated from human
myocardium.

Increasing evidences suggested that the mitochondrial
respiratory chain is involved in myocardial reperfusion
injury through initiating and promoting oxidative stress at
the onset of reoxygenation period.18 It has been suggested
that propofol-induced cardioprotection may partly result
from a direct effect on myocardial calcium influx,39 or
from inhibition of mitochondrial permeability transition.40

The proposed mechanism is that the mPTP opening modi-
fies the fluidity and rigidity of the inner mitochondrial
membrane, which influences the transport of electrons,
exacerbates mitochondrial dysfunction which leads to a
vicious circle including inhibition of neutrophil accumula-
tion and inactivation of superoxide radicals.41.Shao et al.17

showed that the decrease of complexes I and III activity
observed in isolated mitochondria during myocardial
reperfusion was attenuated by propofol (20 to 50 mM) result-
ing in a reduced reactive oxygen species production.17 The
present study confirms and extends these results showing
that, in isolated human mitochondria, propofol 10mM
during early reoxygenation restored the activity of complex
I, II, III, and IV which was decreased following hypoxia-
reoxygenation (Figure 4). This result must be interpreted
with the emerging concept that modulation of mitochon-
drial oxidative metabolism during early reperfusion pro-
tects mitochondrial function and could decrease
myocardial cell injury.35

Several limitations must be considered in the interpret-
ation of the present results. First, the effects of anesthetic
drugs, the patient’s chronic diseases, and preoperative
treatments, including statins, cannot be ruled out.
Nevertheless, the control group was also exposed to this
limit and we have shown that signaling pathways activated
during cardioprotection could be studied using the present
experimental model.19,20 Additionally, because in clinical

practice patients received chronic treatments, it is of import-
ance to study the cardioprotective effect of pharmacologic
agents in conditions as close as possible to ‘‘real life’’.
Second, age has been shown to impair the effects of cardi-
oprotective strategies. However, it has been suggested that
there was no age-related difference in hypoxic precondi-
tioning between myocardium obtained from 60–69-year
and 70–89-year-old patients.42 Third, our experiments
were performed under moderate hypothermia (34�C)
which may have decrease the adenosine triphosphate-sen-
sitive potassium channels sensitivity43; however, during
surgical procedures moderate hypothermia may occur.
Fourth, our results showed a beneficial effect of propofol
on the activity of respiratory chain mitochondrial after
15 min of reoxygenation, nevertheless, we cannot specu-
lated that the effect was maintained all along the 60 min
of reoxygenation. Fifth, the specificity of the antagonist
used in the present study must be considered. Thus,
5-hydroxydecanoate has been shown to exert metabolic
effects independently of adenosine triphosphate-sensitive
potassium channels.38 The specificity of the antagonist
used in the present study must be discussed: NG-nitro-L-
arginine methyl ester is a widely used non-specific inhibitor
of NO synthases (NOS), mainly its inducible (iNOS or
NOS2) and endothelial (eNOS or NOS3) forms. It has
been shown that both iNOS and eNOS were implicated in
the complex and intricated cardioprotective pathways
either through direct NO effects or through indirect reactive
oxygen species production (see for review Weerateerangkul
et al.44; Burwell LS & Brookes PS 2008).44,45 It has been
shown that NG-nitro-L-arginine methyl ester could have
inhibitory effects on iron containing systems (largely pre-
sent in mitochondria which play central role in cardiopro-
tective pathways) apart from their inhibition of NO
synthesis and may exerted antioxidant actions.

In conclusion, during reoxygenation, high concentration
of propofol (10mM) enhanced the contractile force of iso-
lated human myocardium through opening of mitochon-
drial adenosine triphosphate-sensitive potassium channels
and activation of NOS. Furthermore, the decrease in mito-
chondrial respiratory chain activity during hypoxia-reoxy-
genation was restored by propofol, supporting the
importance of mitochondria in propofol-induced cardio-
protection. Our results and these of others’ experimental
studies show that ischemic postconditioning and propo-
fol-induced postconditioning share the same signaling
pathway46; taken together these arguments are very
encouraging for clinical applicability of postconditioning
by propofol in cardiac surgery, since in contrast to ischemic
postconditioning, anesthetic postconditioning is a com-
pletely non-invasive maneuver.
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