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Abstract Propofol (2,6-diisopropylphenol) is an anaesthetic
widely used for human sedation. Due to its intrinsic antioxidant
properties, rapid induction of anaesthesia and fast recovery, it is
employed in paediatric anaesthesia and in the intensive care of
premature infants. Recent studies have pointed out that exposure to anaesthesia in the early stage of life might be responsible
of long-lasting cognitive impairment. The apoptotic neurodegeneration induced by general anaesthetics (GA) involves mitochondrial impairment due to the inhibition of the OXPHOS
machinery. In the present work, we aim to identify the main
mitochondrial respiratory chain target of propofol toxicity and
to evaluate the possible protective effect of CoQ10 supplementation. The propofol effect on the mitochondrial functionality
was assayed in isolated mitochondria and in two cell lines
(HeLa and T67) by measuring oxygen consumption rate. The
protective effect of CoQ10 was assessed by measuring cells
viability, NADH-oxidase activity and ATP/ADP ratio in cells
treated with propofol. Our results show that propofol reduces
cellular oxygen consumption rate acting mainly on mitochondrial Complex I. The kinetic analysis of Complex I inhibition
indicates that propofol interferes with the Q module acting as a
non-competitive inhibitor with higher affinity for the free form
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of the enzyme. Cells supplemented with CoQ10 are more resistant to propofol toxicity. Propofol exposure induces cellular
damages due to mitochondrial impairment. The site of propofol
inhibition on Complex I is the Q module. CoQ10 supplementation protects cells against the loss of energy suggesting its possible therapeutic role to minimizing the detrimental effects of
general anaesthesia.
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Abbreviations
mPTP
Mitochondrial permeability transition pore
GA
General anaesthetics
PRIS
Propofol infusion Syndrome
CoQ1
2,3-Dimethoxy-5-methyl-6-(3-methyl2-butenyl)-1,4-benzoquinone
DB
2,3-Dimethoxy-5-methyl–6-decyl-1,
4-benzoquinone, oxidized form
DBH2
2,3-Dimethoxy-5-methyl–6-decyl-1,
4-benzoquinol, reduced form
DCIP
2,6-Dichlorophenolindophenol
ETC
Electron Transfer Chain
BHM
Bovine Heart Mitochondria
TMPD
N,N,N′,N′-Tetramethyl-p-phenylenediamine
FCCP
Carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone
FMN
Flavin mononucleotide
MTT
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl2H-tetrazolium bromide
TMRE
Tetramethylrhodamine ethyl ester
ECAR
Extracellular acidification rate
OCR
Oxygen consumption rate
OXPHOS Oxidative phosphorylation

414

Introduction
Propofol is considered a safe agent for human sedation
because of its peculiar intrinsic antioxidant capacity, its
rapid induction (30–60 s.) and fast recovery of anaesthesia
(4–6 min.)(Sebel and Lowdon 1989; Apfelbaum et al.
1993) Due to these features, propofol has also been frequently used in paediatric anaesthetic practice and in intensive care of premature infants (Istaphanous and Loepke
2009). However, emerging animal and human data suggest
that high doses or prolonged exposure to propofol could
damage the developing nervous system, raising serious
questions regarding the safety of propofol for paediatric
anaesthesia (Fredriksson et al. 2007; Cattano et al. 2008;
Bercker et al. 2009; Istaphanous and Loepke 2009;
Stratmann 2011; Zou et al. 2013).
Sporadically, propofol causes the so-called propofol infusion syndrome (PRIS), characterized by metabolic acidosis
(Fodale and La Monaca 2008) resembling mitochondrial
cytopathies and acquired carnitine deficiency (Marian et al.
1997; Wolf et al. 2001). These defects occur first in tissues
with high-energy demand such as the heart and muscles.
Notably, the use of propofol is discouraged in patients with
mitochondrial diseases Driessen et al. (Driessen et al. 2007;
Schwartz and Raghunathan 2009). Consistently, it has been
proposed that children who develop metabolic acidosis and
myocardial failure after propofol infusion may have a subclinical form of mitochondrial disease (Parke et al. 1992). The neurotoxic effect of general anaesthetics (GA) results in an apoptotic loss of neurons and is accompanied by an impairment of
synaptic development associated to modification of mitochondrial morphogenesis and function (Pearn et al. 2012).
Mitochondrial functionality and cellular energy content are
considered important factors in cells survival; modifications
of these factors can trigger apoptotic cell death. Apoptotic
neurodegeneration and neurobehavioral deficits are mainly
observed in animals or humans undergoing general anaesthesia by propofol during the period of brain growth known as
Bbrain growth spurt^ (a period that occurs from the foetal
development until to about 2 years after birth for humans
and 2 or 3 weeks after birth in mice and rats) (Dobbing and
Sands 1979). During the brain growth spurt the energy demand is extremely high and even a partial reduction of energy
supplies can have a strong impact on neural development.
Retrospective studies on children exposed to general anaesthesia, as well as the results obtained in new-born animals,
showed a toxic effect of the anaesthetic on the brain development that results in long-lasting cognitive impairment
(Jevtovic-Todorovic et al. 2003; Fredriksson et al. 2004;
Fredriksson et al. 2007; Wilder et al. 2009; Paule et al.
2011; Block et al. 2012; Boscolo et al. 2012).
The mitochondrial impairment after propofol administration has been investigated on several experimental models
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often leading to different and opposite results (Boscolo et al.
2012). Propofol treatment on rat liver isolated mitochondria
resulted in impairment of mitochondrial function on several
levels: respiratory chain inhibition, ATPase impairment
(Marian et al. 1997), direct effect on mPTP (Sztark et al.
1995; Javadov et al. 2000; Twaroski et al. 2015) and
uncoupling of the respiratory chain (Branca et al. 1995;
Sztark et al. 1995; Schenkman and Yan 2000; Wu et al.
2005). Moreover, abnormalities in plasma concentration of
malonylcarnitine and C5-acylcarnitine in a child treated with
propofol have been reported. This suggests an inhibitory effect of propofol on the carnitine palmityl transferase 1, thus
leading to an impaired fatty-acid oxidation and ATP production (Fodale and La Monaca 2008). Recently, Vanlander et al.
showed that in liver mitochondria enriched fractions from rat
sedated with propofol, Complex II + III activity, but not the
activity of the single complexes, was strongly decreased,
pointing out an interference with the Coenzyme Q pool.
Moreover, a decreased activity in Complex II + III was detected in skeletal muscle homogenate from one patient which died
during the acute phase of PRIS (Vanlander et al. 2015). To
clarify the effect of propofol on mitochondrial respiratory
chain we used both intact cells and isolated mitochondria. In
particular, we investigated the sites of propofol inhibition on
mitochondrial Complex I and proposed an inhibition mechanism. Since the physiological substrate of mitochondrial
Complex I is Coenzyme Q10 (CoQ10), we investigate the possible protective role of CoQ10 supplementation on cultured
cells exposed to propofol.

Materials and methods
Chemicals
All chemicals were purchased form Sigma (St. Louis, MO,
USA) unless stated otherwise.
Cell culture
HeLa cells and T67 cells (Lauro et al. 1986) were cultured in
DMEM (PAA, DASIT, Milan, Italy) supplemented with
2 mM L-glutamine, 10 % (v/v) foetal bovine serum (FBS),
100 U/mL penicillin and 100 μg/mL streptomycin at 37 °C in
humidified atmosphere with 5 % CO2. Culture medium was
changed every 2 days and sub-confluent cells were splitted
using 0.05 % trypsin–EDTA solution.
Bovine heart mitochondria isolation
Bovine heart mitochondria (BHM) were isolated according to
Smith, A.L. (Smith 1967) with modifications to allow largescale isolation (Pallotti and Lenaz 2007). Protein content was
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measured by the Biuret method of Gornall et al. (Gornall et al.
1949) with addition of 10 % sodium deoxycholate using
bovine serum albumin (BSA) as standard. BHM were
stored at −80 °C. BHM were frozen and thawed three
times before use to avoid compartmentalization.
Mitochondrial oxygen consumption
BHM were assayed for oxygen consumption using a thermostatically controlled oxygraph chamber (Instech Mod.203,
Plymouth Meeting, PA, USA) in 1.5 ml of incubation medium
containing: KCl 50 mM, TRIS 10 mM, MgCl2 3 mM, EDTA
1 mM, BSA 0.5 mg/ml pH 7.4, using 1 mg of mitochondrial
protein/ml. BHM were incubated for 5 min with different
propofol concentrations (up to 100 μM) and NADH 200 μM,
succinate 20 mM, reduced decylubiquinone 100 μM and ascorbate-N,N,N′,N′-Tetramethyl-p-phenylenediamine (TMPD)
(respectively 10 mM and 400 μM) were added to start the
reaction respectively from Complex I, II, III and IV.
Rotenone, Antimycin A and KCN were added at the end of
experiments to inhibit specifically Complex I, III and IV respectively. The respiratory rates were expressed in μmol O2/
min/mg of protein referring to 250 nmol O2/ml of buffer as
100 % at 30 °C (Estabrook 1967).
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and 0.5 % bovine serum albumin (BSA) pH 7.2. The cell
homogenate was frozen and thawed three times to avoid mitochondrial compartmentalization. The reaction buffer
consisted of 50–100 μg of cellular homogenate, 25 mM potassium phosphate, 5 mM MgCl2, pH 7.2, 30 °C. The reaction
started by adding 100 μM of NADH; 0.5 μM rotenone was
added at the end of experiments to completely inhibit
Complex I (Pallotti and Lenaz 2007).
XF extracellular flux analysis
Metabolic analysis was performed using Seahorse XF96 Flux
Analyser (Seahorse Biosciences, Billerica, MA, USA).
20,000 cells/well were seeded the day before the experiment.
The day of the experiment the growing medium was replaced
with XF medium 5.5 mM glucose, containing 2 mM
GlutaMax (Gibco), 1 mM sodium pyruvate and 1 % FBS.
Cells were incubated at 37 °C without CO2 for 1 h prior to
the experiment. We measured the oxygen consumption (OCR)
and extracellular acidification (ECAR) rates before and after
addition of propofol (2.5-50 μM) and oligomycin (1 μM).
Equal amounts of DMSO have been used in the injections of
propofol and control (<1 % final concentration). Data are presented as ratio against basal OCR and ECAR.

Spectrophotometric analyses of respiratory chain enzymes

Mitochondrial transmembrane potential (mΔψ)

The activities of the respiratory chain complexes were
measured using an ultraviolet/visible spectrophotometer
(Jasco V-550) equipped with thermostatic control and
cuvette stirring. NADH-CoQ1 and NADH-DB reductase
were measured according to Estornell et al. (Estornell et al.
1993). Quinone concentration was determined spectrophotometrically using ε275nm = 13.7 mM−1 cm−1 for CoQ1 and
ε275nm = 14 mM−1 cm−1 for DB.
NADH-DCIP (2, 6-Dichloroindophenol) activity was
measured according to Fato et al. (Fato et al. 2009).
NADH- ferricyanide ([Fe(CN)6]3− ) activity was measured
according to Fato et al. (Fato et al. 1996). Briefly, the
NADH-ferricyanide reductase activity was assayed at
λ = 420 nm, using ε420nm = 1 mM−1 cm−1. The specific
activity of NADH-ferricyanide reductase in the presence of
2 mM potassium ferricyanide was used to estimate the
content of active Complex I in BHM by considering half
of the maximal turnover as 8 x 105 min−1 (Cremona and
Kearney 1964) since the concentration of ferricyanide was
approximately equal to the Km (Smith et al. 1980; Degli
Esposti et al. 1994).
The NADH-O2 activity in cellular homogenate was measured by following the decrease in absorbance due to the oxidation of NADH at 340 nm. Briefly, cells were homogenate
by means of a Dounce homogenizer in hypotonic medium
consisting of 100 mM KCl, 10 mM TRIS, 1 mM EDTA,

Transmembrane potential was measured using a SP5 confocal
microscope (Leica, Mannheim, Germany) with a heated stage.
200,000 cells/well in a glass bottom 24 multiwell plate were
seeded the day before. On the day of the experiment the
growth medium was replaced with XF media as described
above, containing 500 nM tetramethyl-rhodamine-ethyl-ester
(TMRE, Molecular probes). Microscope settings: Obj. 10×,
4 % laser power, 512 × 512 pixel, λex 514 nm and λem 565/
600 nm, pinhole 1 Airy, Optimized Z stack. Images were
analysed with Imaris 7.4.5 software (Bitplane AG, Zurich,
Switzerland). Total intensity of the identified objects per field
(above 10 voxels) was divided for total objects volume. For
each sample, two different fields were averaged.
Cell viability assay
Propofol cytotoxicity was estimated using MTT (Thiazolyl
Blue Tetrazolium Bromide) assay. HeLa and T67 cells were
seeded in 24-well plates and cultured overnight. The subsequent day, cells were washed with PBS and incubated with
propofol (ranging from zero to 100 μM) dissolved in complete
DMEM for 24 h. After incubation time, cells were carefully
washed with PBS and incubated for 3 h with 500 μM MTT
dissolved in DMEM. Then, cells were washed with PBS and
lysed with 200 μL of dimethyl sulfoxide. Equal amounts of
DMSO have been used in propofol treated samples and
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control (<1 % final concentration). The absorbance of each
well was measured at 595 nm using a microplate reader
(Victor2 1420 multilabel counter, Perkin Elmer). All data
points were performed in triplicate with a minimum of n = 3.
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we observed a significant dose-dependent decrease of cell
viability (Fig. 1f).
Effect of propofol treatment on oxygen consumption
in isolated mitochondria

ATP and ADP determination
Nucleotides were extracted and detected as described by Jones
DP. (Jones 1981) using a Kinetex C18 column (250 × 4.6 mm,
100 Å, 5 μm; Phenomenex, CA, USA), with a two pump
Agilent 1100 series system. Absorbance (260 nm) was monitored with a photodiode array detector (Agilent 1100 series
system). Nucleotide peaks were identified by comparison and
coelution with standards and quantification by peak area measurement compared with standard curves.
Extraction and quantification of coenzyme Q
Extraction of coenzyme Q from cultured cells was performed
as described by Takada et al. (Takada et al. 1984).
Quantification of CoQ10 was performed by HPLC analysis
using a two pump Agilent 1100 series system. Absorbance
(275 nm) was monitored with a photodiode array detector
(Agilent1100 series system). 20 μl of ethanolic extract was
chromatographed on a C18 column (Kinetex, Phenomenex,
2.6 μm, 100 × 4.6 mm), using a mobile phase consisting of
ethanol: water (97∶3, v/v) at a flow rate of 0.4 ml/min. The
concentrations of CoQ10 were obtained by comparison of the
peak areas with those of standard solutions.

Results
Propofol inhibits oxygen consumption in cultured cells
and in BHM

To study the effect of propofol on the mitochondrial respiratory chain we decided to test the effect of propofol exposure
directly on isolated mitochondria. Beef Heart Mitochondria
(BHM) are a well-established model to study the effect of
compounds interfering with the enzymes of the respiratory
chain. We measured the effect of propofol on oxygen consumption in BHM in the presence of different respiratory substrates: NADH, succinate, DBH2 and ascorbate/TMPD, respectively oxidized at the level of Complex I, II, III and IV.
The NADH-O2 reductase activity was 0.334 ± 0.013 μmoles
O2 min−1 mg−1 and it was already significantly reduced following addition of 10 μM of propofol (0.263 ± 0.005 μmoles
O2 min−1 mg−1) (Fig. 2a) whereas the succinate-O2 activity
(0.052 ± 0.006 μmoles O2 min−1 mg−1 in untreated BHM)
was only slightly reduced, in fact, the maximal extent of
propofol inhibition did not exceed 15 % (Fig. 2b). The
DBH2-O2 activity (Fig. 2c) was 0.716 ± 0.079 μmoles
O2 min−1 mg−1 and it was significantly reduced only in
the presence of 50 μM propofol (0.582 ± 0.073 μmoles
O2 min−1 mg−1). The ascorbate/TMPD-O2 activity (Fig. 2d)
was not altered (0.711 ± 0.011 μmoles O2 min−1 mg−1 in the
presence of 100 μM propofol vs. 0.732 ± 0.010 μmoles O2
min−1 mg−1 in untreated BHM). Moreover, we have found
that propofol does not affect Complex II activity measured
as Succinate-Q1-DCIP (data not shown).
Taken together, these data suggest that propofol acts mainly
on Complex I and III. The effect of propofol on the respiratory
chain is maximum when Complex I is the electron entry point
and for this reason it can be inferred that the Complex I is the
main target for the propofol inhibition within the ETC.

Effect of propofol treatment on HeLa cells
Effect of propofol on mitochondrial complex I
One of the effects associated to the propofol infusion syndrome is the induction of lactic acidosis (Koch et al. 2004;
Haase et al. 2005) which suggests an impairment of the mitochondrial respiratory chain and a cellular compensation of
ATP production through glycolysis. Therefore, we monitored
the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in HeLa cells after acute treatment with
propofol (up to 50 μM). As expected, the addition of propofol
induced a significant dose dependent decrease in OCR
(Fig. 1a, b) and a parallel increase in ECAR (Fig. 1c, d).
Notably, only minimal effect on mitochondrial potential was
observed 10 min after the addition of 50 μM of propofol
(Fig. 1e). Considering the cellular difficulties to cope with
a mitochondrial impairment, we measured the cytotoxic
effect of propofol on HeLa cells. After 24 h of treatment,

Figure 3 reports the effect of propofol treatment on the
Complex I reductase activity measured in the presence of different exogenous electron acceptors. We observed that the
NADH-[Fe(CN)6]3− as well as the NADH-DCIP oxidoreductase activity were not modified by concentrations of propofol
up to 100 μM (Fig. 3a, b), while the NADH-CoQ1 oxidoreductase activity was strongly affected by propofol exposure
(Fig. 3c). The lack of inhibition of the NADH-ferricyanide
and NADH-DCIP reductase activity allowed us to exclude
the FMN as site of propofol interaction on Complex I.
Furthermore, the significant and dose-dependent decrease of
the NADH-CoQ1 reductase activity (Fig. 3c) indicates that
the inhibitory mechanism involves the physiological quinone
reducing site on Complex I.
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Fig. 1 a-f Effect of propofol on HeLa cells. a, b Oxygen consumption
rate (OCR) and (c, d) extracellular acidification rate (ECAR) measured
with flux analysis in HeLa cells after acute propofol exposure. ATP
coupled respiration was blocked using 1 μM Oligomycin (n = 25). e
Effect of propofol exposure on mitochondrial potential, 2.5 μM FCCP

was added as uncoupler (n = 12). f Effect of 24 h of propofol incubation
on HeLa cells viability measured by MTT assay (n = 4). Data are
expressed as mean ± SE. Significance was determined by ANOVA and
Tukey analysis between treated cells and controls. * P ≤ 0.05, ** P ≤ 0.01

Kinetic analysis of propofol inhibition of NADH-CoQ
reductase activity in BHM

reductase activity. (Cremona and Kearney 1964; Smith et al.
1980; Degli Esposti et al. 1994).
We observed a reduction of Complex I catalytic efficiency
of 72 % and 75 % respectively for the NADH-DB and
NADH-CoQ1 reductase activity. Complex I activity rates in
the presence of propofol never approach zero, suggesting a
partial non-linear inhibition mechanism (for details see Fig.1
Supplementary Material). We have recalculated the data reported in Fig. 4c and d to obtain the kinetic parameters α and
β according to Leskovac (Leskovac 2003) (For details, see
Fig. 2 Supplementary Material). The α value represents the
effect of propofol on the association constant (Km) of the
substrate (DB or CoQ1) to the EI complex, as well as the effect
on the Ki value for the inhibitor binding to ES complex.
The β value defines the effect of the inhibitor on the
catalytic constant (kcat).
The α and β values calculated using DB are: α = 2.25 and
β =0.146. In the presence of CoQ1, we obtained: α = 0.455
and β =0.037. These values are consistent with a noncompetitive mechanism of inhibition. Nevertheless, the α

The Michaelis-Menten plots for NADH-CoQ1 and NADHDB reductase activities (Fig. 4a, b) showed that propofol treatment induced a decrease in the maximal velocity (Vmax) and a
parallel increase in the Michaelis-Menten constant (Km)
values suggesting a non-competitive inhibition mechanism.
The non-competitive behaviour for propofol inhibition
becomes more evident when the data are represented in
a Lineweaver-Burk plot (Fig. 4c-d). The intersection points
in the graphs are located above the x-axis (IV quadrant)
suggesting a non-competitive mechanism with a higher
affinity of the inhibitor for the free form of the enzyme.
Table 1 reports the effect of propofol on the catalytic efficiency (kcat/Km) of Complex I measured in BHM in the presence of DB or CoQ1. The kcat values were determined by the
maximal velocity derived from the Michaelis-Menten analysis,
referred to mitochondrial Complex I content (25 pmol/mg of
total mitochondrial protein) estimated by NADH-[Fe(CN)6]3−
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Fig. 2 a-d Effect of Propofol on
mitochondrial electron transfer
chain. Polarographic
measurements of oxygen
consumption in BHM treated
with propofol. a NADH-O2
activity (I + III + IV), (b)
succinate-O2 activity (II + III +
IV), (c) DBH2-O2 activity (III +
IV) and (d) ascorbate TMPD-O2
activity (IV). The specific
activities I + III + IV, II + III + IV
and III + IV were assessed by
adding 2 μM antimycin A at the
end of experiments. Complex IV
specific activity was assessed
using 2 mM KCN at the end of
experiments. Data are expressed
as percentage of enzyme activity
± SE from at least three
independent experiments.
Significance was determined by
ANOVA and Tukey analysis
between treated cells and
controls. ** P ≤ 0.05, ***
P ≤ 0.01

value in the presence of DB is >1, indicating that the inhibitor
binds preferentially to the free enzyme. When using CoQ1 the
α value is <1 which is consistent to a greater affinity of the
inhibitor to the ES complex, suggesting an uncompetitive
mechanism. This discrepancy might be due to the different
interaction of short chain quinones with Complex I as suggested by the different rotenone sensitivity and by the different
partition coefficient (log P membrane/water =2,9 and 4.7 for
CoQ1 and DB respectively (Fato et al. 1996)).

Protective effect of CoQ10 administration on propofol
induced cellular toxicity

Fig. 3 a-c Effect of propofol on Complex I activity. Mitochondrial
Complex I was functionally isolated in BHM using 2 μM Antimycin A
and 2 mM KCN. The NADH oxidation by Complex I was followed
spectrophometrically at 340 nm using as hydrophilic electron acceptors:

(a) 2 mM [Fe(CN)6]3−, (b) 50 μM DCIP and (c) 50 μM DCIP in the
presence of 75 μM CoQ1. Data are expressed as μmol min−1 mg−1 ± SE
from at least three independent experiments

Cell viability
Our data suggest that propofol can have a direct inhibitory
effect on the mitochondrial Complex I interfering with the
quinone-binding site. Even though the inhibition mechanism
derived from kinetic analysis looks non-competitive, the α
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Fig. 4 a-d Kinetic analysis of Complex I using CoQ1 and DB. The
Complex I activity in BHM measured in the presence of fixed propofol
concentrations by titrating the electron acceptor CoQ 1 (a) and
Decylubiquinone (DB) (b). Mitochondrial Complex I was functionally
isolated in BHM using 2 μM Antimycin A and 2 mM KCN. The NADH
oxidation by Complex I was followed spectrophotometrically at 340 nm.

Data are expressed as μmol min−1 mg−1 ± SD from at least three independent experiments. c Lineweaver–Burk plot of NADH-CoQ1 titration
and (d) Lineweaver–Burk plot of NADH-DB titration. Each point is the
average ± SD of at least three different determinations. The r square
values for the linear fitting of Lineweaver–Burk plots are >0.97 for
NADH-CoQ1 and >0.90 for NADH-DB

Table 1 Catalytic efficiency values for NADH-DB and NADH-CoQ1
activities in the presence of different propofol concentrations. Complex I
content in BHM was 25pmoles/mg of total protein as estimated by
NADH-[Fe(CN)6]3− activity (see Material and Methods section)

values are consistent with a higher affinity of the inhibitor for
the free enzyme in comparison to the enzyme-substrate complex. This last observation suggests that increasing the natural
substrate (CoQ10) of the complex I could reduce the affinity of
the enzyme for propofol, resulting in a decreased toxicity.
In order to verify this hypothesis we have supplemented
cells prior propofol treatment with 100 nM of a water-soluble
and more bioavailable formulation of CoQ10 named QTer®
(Bergamini et al. 2012; Fetoni et al. 2013). To note, the total
CoQ10 content after treatment with QTer® is approximately 20
folds higher compared to untreated cells (Fig. 6c). Here, we
found that cells viability of T67 and HeLa cell lines treated
with propofol concentrations ranging from 10 to 25 μM is
rescued in the presence of CoQ10 (Fig. 5). However, at higher
concentrations of the anaesthetic the CoQ10 is not able to
protect from the cytotoxic effect of propofol.

kcat/Km
kcat/Km
Propofol (NADH-DB oxidoreductase) (NADH-CoQ1 oxidoreductase)
μM
M−1 min−1
M−1 min−1
0
0.63
2.5
12.5
25
37
60
100

18.16*107
13.54*107
5.02*107

1,52* 107

1,06 * 107
0,70 * 107
0,60 * 107
0,48 * 107
0,38 * 107
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Fig. 5 a-b Effect of propofol treatment on T67 (panel a) and HeLa
(panel b) cells viability. Cells were preincubated for 24 h with
100 nM of terclatrated Coenzyme Q or vehicle (CTRL), and then
cells were treated for 24 h with different concentrations of propofol.

Cell viability was assessed by MTT assay. Data are expressed as
percentage of viable cells ± SE from at least three independent
experiments. Significance was determined by t-test analysis between
CoQ10-treated and vehicle treated cells (CTRL) * P ≤ 0.05

Oxygen consumption rate and ATP/ADP rescue

Consistently with the viability data, NADH-O2 reductase
activity measured in HeLa cells homogenate exposed to
propofol is improved by CoQ10 pre-treatment (Fig. 6a). In line
with the latter data, the ATP/ADP ratio (Fig. 6b) is improved
in cells pre-treated with CoQ10. Taken together, we showed
that a CoQ10 pre-treatment could partially rescue the toxic
effect of propofol on the energy profile.

To assess whether the recovery in cell viability could be
attributable to the mitochondrial protection due to CoQ10
treatment, we titrated the effect of propofol on oxygen consumption rate and ATP/ADP ratio in cells cultured for 24 h
in the presence of 100 nM CoQ10.

Fig. 6 a-c Protective effect of
Coenzyme Q10 on NADH-O2
activity and ATP/ADP ratio in
HeLa cells treated with propofol.
Panel a reports the NADH-O2
activity in HeLa cell homogenate
after 5 min of incubation with
propofol ranging from 1 to
100 μM. Cells were preincubated
for 24 h with 100 nM of
terclatrated Coenzyme Q or vehicle (CTRL). Panel b reports the
effect of 24 h of propofol treatment on ATP/ADP ratio in HeLa
cells preincubated for 24 h with
100 nM of terclatrated Coenzyme
Q or vehicle (CTRL). The total
amount of cellular coenzyme Q10
after terclatrated Coenzyme Q
treatment was detected by HPLC
(panel c)
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Discussion
A common feature of the propofol effect on cell functions is
associated with reduced oxygen consumption that can be correlated to mitochondrial impairment. Considering the crucial
role of proper mitochondrial functioning for the neuronal
development, it could be argued that these organelles are
prominent targets for the toxicity of propofol. Furthermore,
the toxic effect of propofol on mitochondrial oxygen consumption is higher in the presence of NADH-dependent
substrates, indicating that Complex I is the main target
for propofol toxicity (Marian et al. 1997; Schenkman
and Yan 2000; Vanlander et al. 2015). The recognition
of the mechanism of Complex I inhibition by propofol
might be useful to elaborate therapeutic strategies to prevent mitochondrial damage, neurons loss and the long
lasting cognitive impairment. Starting from these observations, we analysed the effect of propofol on mitochondrial
functionality in two experimental models: cell-free model
(BHM) and cultured cells; furthermore we evaluated the
protective effect of CoQ10 supplementation in cultured
cells. BHM are a suitable model to study the activity of
individual respiratory chain enzymes since they can be
isolated in large amounts and functionally intact from
slaughterhouse material (Pallotti and Lenaz 2007).
We used BHM to identify the main target for propofol
toxicity: using specific inhibitors to functionally isolate the
different respiratory chain Complexes. We found that propofol
affects mainly Complex I. Furthermore, we studied the effect
of propofol on the kinetic constants of the enzyme.
Mitochondrial Complex I is one of the most complicated
enzyme of the respiratory chain: its structure can be divided
into three modules: the dehydrogenase module containing the
site for NADH oxidation, the CoQ module responsible for
CoQ10 reduction and the proton pumping module completely
localized in the membrane arm of the enzyme. The activity of
the dehydrogenase module can be distinguished from the activity of CoQ module using as electron acceptor hydrophilic
compounds such as [Fe(CN)6]3− and DCIP. CoQ module
activity can be studied using two analogues of the physiological CoQ10 (CoQ1 and DB). The observed lack of
inhibition using ferricyanide and DCIP as electron acceptor allowed to exclude any interaction of propofol with the
NADH oxidation site. Moreover the dose dependent effect
observed when CoQ1 and DB were used as electron acceptors
indicated that propofol interacts with the CoQ reduction site
(Q module) (Brandt 2006).
Moreover, we found that propofol induced a decrease in the
catalytic efficiency of Complex I (kcat/Km) due to a reduction
in the maximal velocity (V max) and an increase in the
Michaelis-Menten constant (Km) for quinones. Our results
are consistent with a non-competitive inhibition mechanism
characterized by the formation of both binary EI and ternary
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ESI complexes. The α-parameter for propofol inhibition of
the NADH-DB reductase activity is 1 indicating that it has a
higher affinity for the free form of the enzyme (E) with respect
of the quinone bound form (ES complex).
Although the inhibition mechanism seems to be non-competitive, the increase in the Km value of Complex I for the
quinones, together with the value of the α-parameter, indicate
a reduced affinity of the enzyme for the substrate (CoQ).
Moreover, the anaesthetic seems to have higher affinity to
the free form of the enzyme rather than for the quinone bound
form. This last observation offers a starting point to develop a
protective strategy based on CoQ10 supplementation. In our
previous work we showed that the Km value for CoQ10 in
NADH-Cyt c reductase activity approaches the natural CoQ
content of BHM, meaning that Complex I works in nonsaturating conditions (Estornell et al. 1992). Thus, in normal
conditions, the increase of the mitochondrial ubiquinone content could result in higher oxygen consumption capacity and
energy production. While, in conditions in which the enzymes
involved in the oxidoreduction of the CoQ pool are damaged
(e.g., in the presence of inhibitors) the increase of the mitochondrial ubiquinone content could restore, or at least recover,
the normal respiratory capacity and energy production.
In this work, we showed that cultured cells, pretreated
with a water-soluble CoQ10 formulation (QTer®) were
more resistant to propofol toxicity, confirming the protective
effect of CoQ10.
The rescue of cellular viability is evident at propofol concentrations up to 100 μM and it is statistically significant at
10 μM of propofol for T67 cells and 25 μM for HeLa cells.
CoQ10 supplemented cells exposed to propofol showed higher
oxygen consumption rate in comparison to controls and the
ATP/ADP ratio was maintained for propofol concentrations
up to 25 μM.
Taken together, the results described in this paper show that
propofol exposure induces a decrease in the catalytic efficiency of mitochondrial Complex I with a Ki in the micromolar
range. Moreover, propofol exposure decreases the cellular energetic charge. The reduced respiratory capacity associated to
decreased ATP/ADP ratio could be one of the key mechanisms leading to neuronal damage induced by anaesthesia
during early stages of brain development.
The mitochondrial impairment and the effects on the
bioenergetics status of cultured cells described in this
work were achieved using propofol concentrations ranging
between 1 to 100 μM; in particular, our in vitro study shows
that propofol has a significant toxic effect at concentrations of
10–20 μM.
The relationship between the propofol concentration
used in the in vitro study and the concentration used in
the clinical practice is an open question. Although it is not
easy to verify the intracellular concentration of propofol
during anaesthesia, the steady-state blood concentration
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during surgical anaesthesia is approximately 4 μg/ml
(~22.5 μM) (Kahraman et al. 2008). To the best of our
knowledge, this is the first work showing that propofol
inhibits one enzyme of the respiratory chain at concentrations comparable with those used in clinical practice.
This study shed light on the molecular process of propofolinduced toxicity and suggest a novel therapeutic strategies that
can provide neuroprotection in particular addressed to newborns or infants that have to undergo general anaesthesia.
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