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Abstract
Background: Cholesterol efflux efficiency, reactive oxygen species, and inflammation are closely related to
cardiovascular diseases. Our aim was to investigate the effect of propofol on cholesterol-loaded rat aortic
endothelial cells after high-density lipoprotein treatment in vitro.
Methods and Results: The results showed that propofol promoted cholesterol efflux and ameliorated
inflammation and reactive oxygen species overproduction according to the analysis of p65 nuclear
translocation and a 2′,7′-dichlorofluorescin diacetate assay, respectively.
Conclusions: These results provide a possible explanation for the anti-inflammatory, antioxidant, and
cholesterol efflux–promoting effects of propofol on rat aortic endothelial cells after incubation with
high-density lipoprotein.
Key words: Propofol, cholesterol efflux, reactive oxygen species, inflammation, high-density lipoprotein, rat
aortic endothelial cells

Introduction
Atherosclerosis is characterised by lipid
accumulation, an inflammatory response, cell death,
and fibrosis in the arterial wall and is a major
pathological basis for ischemic coronary heart disease,
which is the leading cause of morbidity and mortality
in the USA and Europe; thus, new therapeutic
strategies would be warranted [1-3]. People with
hyperlipidaemia are at roughly twice the risk of
developing a cardiovascular disease (CVD) as
compared to those with normal total cholesterol levels
[4]. Therefore, a reduction in cholesterol levels by
potential antiatherogenic treatments can be a useful
therapeutic strategy against atherosclerosis.
Propofol (2,6-diisopropylphenol) is widely used
for induction and maintenance of anaesthesia and for
sedation in intensive care units [5]. The functions of

propofol include anti-inflammatory effects, inhibition
of production of proinflammatory cytokines,
alteration of production of nitric oxide, inhibition of
neutrophil function, and antioxidant properties [5, 6].
Ma et al. suggest that propofol up-regulates
expression of ABCA1, ABCG1, and SR-B1 through the
PPARγ/LXRα pathway in THP-1 macrophage–
derived foam cells [7]. Moreover, propofol has a
protective effect against myocardial ischemiareperfusion injury in both normal rats and rats with
type 2 diabetes, possibly by attenuating endothelial
cell injury and by inhibiting the apoptosis of
cardiomyocytes [8]. ABCA1 has been reported to
mediate the secretion of cellular free cholesterol and
phospholipids, thus leading to binding to an
extracellular acceptor, apolipoprotein AI, to form
http://www.medsci.org
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nascent high-density lipoprotein (HDL); besides,
ABCA1 is a key molecule in cholesterol homeostasis
[9, 10]. Furthermore, oxidative stress is an important
risk factor contributing to the pathogenesis of CVDs.
Oxidative stress that results from excessive reactive
oxygen species (ROS) production accounts for
impaired endothelial function, a process that
promotes atherosclerotic lesions or foam cell
formation. Nuclear factor erythroid 2-related factor 2
(Nrf2) is involved in the protective effect against
oxidative-stress–induced cardiac injury as well as in
the regulation of cholesterol uptake and efflux [11].
Accumulation of excess cholesterol due to the
presence of increased levels of circulating low-density
lipoprotein (LDL) promotes endothelium dysfunction
and activation, which is associated with increased
production of pro-inflammatory cytokines, generation
of ROS, and a decrease in nitric oxide levels and
bioavailability [12]. The effect of propofol on
oxidative-stress–induced endothelial cell damage is
still understood incompletely. Here, we demonstrated
that propofol protects endothelial cells from
inflammation and ROS damage via ABCA1-mediated
cholesterol efflux after HDL incubation.

Materials and Methods
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Analysis of superoxide generation
The measurement of the superoxide generated
was dependent on the reduction of ferricytochrome c
by using SOD Assay Kit-WST (Dojindo Molecular
Technologies, USA) according to the manufacturer’s
instructions. Briefly, after treatment of cells with
propofol, the cells were mixed with WST working
solution and incubated at 37°C for 20 min. After
incubation, SOD were quantified by readingwith the
absorbance at 450 nm using a microplate reader
(Fusion™, Packard BioScience, Waltham, MA, USA).

Measurement of intracellular glutathione
(GSH) levels
Intracellular GSH levels were assayed by
fluorescent monochlorobimane (mBCl; Molecular
Probes, Eugene, OR, USA) according to the
manufacturer’s instructions. Briefly, after treatment of
cells with propofol, the cells were re-incubated in
DMEM containing 100 μM mBCl at 37 °C for 30 min in
the dark. Fluorimetric analysis was performed using a
fluorescence plate reader with 400 nm excitation and
505 nm emission filters (Fusion™, Packard BioScience,
Waltham, MA, USA).

Transient transfection of siRNA

Propofol (2,6-diisopropylphenol), 2′,7′-dichlorofluorescin diacetate (DCF-DA), and cholesterol were
purchased from Sigma-Aldrich (St. Louis, MO). HDL
was provided by Intracel Corporation (Frederick,
MD).

Rat ABCA1 siRNA and rat scrambled siRNA
(Dharmacon, Lafayette, CO) were used to knockdown
ABCA1 expression in the RAECs. Twenty-four hours
before transfection, 3 × 104 cells were seeded per
24-well plate. After transfection at 37°C for 5 h, the
cells were added to 250 μL of DMEM containing 20%
serum and 100 μg/mL cholesterol and grown.

Cell lines and cell culture

Western blot analysis

Chemicals and reagents

(RAECs)
were
purchased
from
Cell
Applications (Cell Applications, Inc., San Diego, CA,
USA). Briefly, cells were cultured in T-25 flasks (Cell
Applications, Inc., San Diego, CA, USA) with rat
endothelial cell growth medium with growth
supplements (Cell Applications, Inc., San Diego, CA,
USA). The culture medium was replaced every other
day. Once the cells reached 60–70% confluence, they
were trypsinised and seeded in 6- or 24-well plastic
plates for the following experiments.

Measurement of intracellular ROS production
Cells were washed with phosphate-buffered
saline (PBS) and incubated with 10 μM DCF-DA
(Sigma) at 37°C for 30 min in the dark. In the presence
of ROS, DCF-DA is oxidised and becomes fluorescent.
After incubation, the cells were trypsinised and
washed with ice-cold PBS three times. ROS were
quantified by flow cytometry (BD Biosciences, CA,
USA) with 488 nm excitation and 585 nm emission
filters.

Cells were collected, washed three times with
PBS, and lysed with RIPA lysis buffer (Pierce,
Rockford, IL), containing 1% of the Sigma protease
cocktail, for 30 min at 4°C. The lysates were
centrifuged at 10,000 ×g and 4°C to obtain solubilised
cellular
proteins.
The
supernatant
protein
concentration was measured by a bicinchoninic acid
(BCA) protein assay (Pierce, Rockford, IL). Proteins
were separated by SDS-PAGE in a 6%, 10%, or 12%
gel and electrotransferred onto a polyvinylidene
fluoride membrane. Blots were probed with specific
primary antibodies, followed by a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG
antibody (1:5000) or HRP-conjugated goat anti-mouse
IgG antibody (1:5000) (Zymed, CA, USA). After a
wash with PBS containing 0.5% of Tween 20,
peroxidase activity was assessed using enhanced
chemiluminescence (ECL; PerkinElmer Life Science,
MA, USA). The same membrane was re-probed with a
monoclonal antibody against β-actin as a loading
http://www.medsci.org
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control (1:5000; Santa Cruz, Dallas, TX, USA). The
intensities of the immunoreactive bands were
analysed in the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Nuclear fraction extraction
The cells were collected and resuspended in a
hypotonic buffer (10 mM 4-[2-hydroxyethyl]-1piperazineethanesulfonate [HEPES]-KOH, pH 7.9; 10
0.2
mM
mM
KCl;
1.5
mM
MgCl2;
phenylmethylsulfonyl fluoride; 20 μg/mL aprotinin;
0.5 mM dithiothreitol; and 0.5% NP-40) on ice for 15
min. After centrifugation at 6,000 ×g for 15 min at 4°C,
the pellet was collected and then washed with basal
buffer (hypotonic buffer without 0.5% NP-40). After
centrifugation again at 6,000 ×g for 15 min at 4°C, the
pellet was collected and resuspended in hypertonic
buffer (20 mM HEPES-KOH, pH 7.9; 400 mM KCl; 1.5
mM MgCl2; 0.2 mM phenylmethylsulfonyl fluoride;
20 μg/mL aprotinin; 0.5 mM dithiothreitol; 0.2 mM
EDTA; 10% glycerol) at room temperature for 30 min.
After centrifugation at 10,000 ×g for 30 min at 4°C, the
nuclear fraction contained in the supernatant was
collected.

Cholesterol-loaded cells
These cells were prepared as described
previously [13, 14]. Briefly, subconfluent monolayers
of endothelial cells were washed twice with PBS
containing 2 mg/mL fatty acid-free albumin (FAFA;
Sigma) and incubated with DMEM containing 2
mg/mL FAFA and 50 μg/mL cholesterol in ethanol
(10 mg/mL) for 48 h at 37°C.

Cholesterol efflux
The cholesterol efflux assay was carried out as
described elsewhere [13, 14], with minor
modifications. The cells grown in 6-well plates were
incubated with DMEM containing 2 mg/mL FAFA
and 0.25 μCi/mL [3H]cholesterol for 24 h. Before the
efflux experiment, the cells were washed with
DMEM–FAFA and incubated with DMEM–FAFA
containing HDL (50 μg/mL; Intracel) or BSA (2
mg/mL) at 37°C for 30 min. After that, the media
were collected, and the cells were solubilised in 0.5N
NaOH for 5 h at room temperature. The radioactivity
of the media and cell extracts was measured using
TOPcount machinery (Beckman, CA, USA). The
results represent radioactivity in the media as a
percentage of total radioactivity (media + cell lysate)
[13-15].

Detection of NF-κB p65 activity
To determine the NF-κB p65 activity, we used
NF-κB p65 Transcription Factor Assay Kit (ab133112,
abcam, MA, USA) as an approach. According to the
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manufacturer’s instructions, briefly, the nuclear
protein extraction was collected as described earlier
and used for the determination of intracellular
p65-NF-κB activity by spectrophotometer reader with
absorbance at OD 450 nm. All measured values were
detected by Synergy HT (BioTek, VT, USA).

Detection of PPARγ activity
We detected the PPARγ activity by using the
PPARγ Transcription Factor Assay Kit (ab133101,
abcam, MA, USA) according to the manufacturer’s
protocol. Briefly, he nuclear protein extraction was
collected as described earlier and used for the
determination of PPARγ activity activity by
spectrophotometer reader with absorbance at OD 450
nm. All measured values were detected by Synergy
HT (BioTek, VT, USA).

Statistical analysis
Data are expressed as means ± SEM. Groups
were compared by one-way or two-way ANOVA
followed by Bonferroni’s post hoc analysis. Data with p
< 0.05 were considered statistically significant.

Results
Propofol promotes HDL-induced ABCA1
expression in cholesterol-loaded RAECs
To verify the effect of propofol on the expression
of ABCA1 in cholesterol-loaded RAECs after HDL
incubation, we determined the expression of ABCA1
by immunoblotting in the differences among the
groups, including control group (in absence of HDL-,
cholesterol-, and propofol- loaded RACEs),
cholesterol group (in presence of cholesterol- but in
absence of HDL-and propofol loaded RACEs),
HDL-cholesterol group (in presence of HDL- and
cholesterol-, but in absence of propofol- loaded
RACEs), and propofol group (in presence of HDL-,
cholesterol- and 30 mmol/L propofol- loaded
RACEs). The results showed that the expression of
ABCA1 was more increased in HDL-cholesterol
group (Lane 2, Figure 1) and dramatically increased in
propofol group (Lane 4, Figure 1) than cholesterol
group (Lane 3, Figure 1).

Propofol increases cholesterol efflux via
ABCA1 induction
To further elucidate the role of propofol in
cholesterol efflux, we measured the cholesterol efflux
in the differences four groups. The results revealed
that cholesterol efflux was more rapid in
HDL-cholesterol group (Column 3, Figure 2A) than
cholesterol group (Column 2, Figure 2A). Of note, as
shown in Figure 2A (Column 4), treatment with
propofol (propofol group) increased the cholesterol
http://www.medsci.org
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efflux than cholesterol group (Column 2, Figure 2A).
Moreover, propofol could not promote cholesterol
efflux in absence of HDL (Figure 2B). To further
speculate whether the increasing in cholesterol efflux
was caused by propofol through ABCA1 induction,
we detected cholesterol efflux in knockdown ABCA1
(siABCA1) or not (scramble) RACEs (Figure 2C).
Results demonstrated that ABCA1 knockdown
decreased propofol induced cholesterol efflux (Figure
2D). We suggested that propofol increased cholesterol
efflux
via
ABCA1
induction
upon
HDL
loaded-RACEs.
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HDL-cholesterol and propofol groups (Columns 3
and 4, Figure 3A). To further confirm the effect of
propofol on ROS production, we detected the
superoxide production and intracellular GSH levels.
Results showed that superoxide generation was
increased in cholesterol group (Column 2, Figure 3B),
but was decreased in HDL-cholesterol and propofol
groups (Columns 3 and 4, Figure 3B). Interestingly,
propofol has a highest inhibitory effect on superoxide
generation (Column 4, Figure 3B). Moreover, GSH
concentration has an important effect on intracellular
redox homeostasis. To investigate whether propofol
prevent intracellular GSH depletion in cholesterolloaded cells, the amount of intracellular GSH was
assayed. Results showed that GSH level was
decreased in cholesterol group (Column 2, Figure 3C),
but was increased in HDL-cholesterol and propofol
groups (Columns 3 and 4, Figure 3C). Propofol has
highest protective effect on GSH depletion (Column 4,
Figure 3C).

Figure 1. The effect of propofol on ABCA1 expression. (A) HDL induced
ABCA1 expression in cholesterol-loaded RAECs, and propofol enhanced ABCA1
expression after HDL treatment. β-Actin served as a loading control. (B) Quantitative
results on the level of ABCA1. All data are presented as the mean ± SEM, n = 3, *p <
0.05; **p < 0.01.

Propofol attenuates ROS production,
superoxide generation, glutathione depletion,
and activation of NF-kB pathway
Galkina and Ley proposed that nitric oxide
production by endothelial cells decreases and the
burden of ROS increases under proatherogenic
conditions [16]. Disruption of ROS-generating
NADPH oxidase has beneficial effects against
atherosclerosis. Additionally, ROS are key signalling
molecules that play an important role in the
progression of inflammatory disorders [17] and lead
to impaired vascular function. Inhibitory targeting of
inflammatory molecules and ROS also reduces
atherosclerosis [18]. According to Figure 3, an increase
in ROS production was observed in cholesterol group
(Column 2, Figure 3A) but was decreased in

Figure 2. Propofol enhanced cholesterol efflux via ABCA1 induction upon
HDL-loaded RACEs. (A)After incubation with or without 30 mmol/L propofol for
1 h, RAECs were cultured in the presence of [3H]cholesterol (0.5 μCi/mL) for 24 h.
Cholesterol efflux was initiated by incubating RAECs with HDL (50 μg/mL) for 30
min. The levels of cholesterol efflux were analysed. (B) Propofol alone could not
promote cholesterol efflux without HDL-treatment. (C) Immunoblot analysis
showing the expression levels of ABCA1 and caveolin-1 in ABCA1 siRNA and
scrambled siRNA cells. (D) The levels of cholesterol efflux In ABCA1 siRNA cells and
scrambled siRNA cells. All data are presented as the mean ± SEM, n = 3, *p < 0.05; **p
< 0.01.

http://www.medsci.org
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Fountain et al. demonstrated that NF-κB-p65 is
detectable by western blotting of cytoplasmic and
nuclear-protein fractions [19]. Our results showed that
the level of NF-κB activation significantly increased in
cholesterol group (Line 2, Figure 4A), as revealed by
the increase in nuclear localisation of NF-κB subunit
p65 with a concomitant decrease in cytosolic
localisation in cholesterol group (Lines 2 and 6, Figure
4A). Furthermore, nuclear localisation of NF-κB in
cholesterol-loaded RAECs after HDL incubation in
the absence (HDL-cholesterol group, Line 7, Figure
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4A) or presence of propofol treatment (propofol
group, Line 8, Figure 4A) decreased to the
background level (Figure 4A). However, there are no
difference between HDL-cholesterol group and
propofol group (Figure 4B). To further demonstrated
the role of propofol on NF-κB activity, we detected its
activity as described earlier. Results showed that
propofol has highest inhibitory effect on NF-κB
activity (Column 4, Figure 4C). Consequently, we
suggested that propofol attenuates ROS production
and NF-κB activation.

Figure 3. Propofol enhanced HDL-alleviated ROS production in cholesterol-loaded RAECs. (A) The level of intracellular ROS was determined by the DCF-DA
assay, and the fluorescence was detected by FACS Calibur analysis. ROS formation was determined via mean fluorescence intensity. (B) Superoxide generation was determined
by SOD Assay Kit-WST and measured by spectrophotometry at 450 nm. (C) Intracellular GSH levels were determined using mBCl and using a fluorescence plate reader with 400
nm excitation and 505 nm emission filters. All data are presented as mean ± SEM, n = 3, *p < 0.05; **p < 0.01.

http://www.medsci.org
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Figure 4. Propofol alleviated cholesterol-caused activation of NF-kB pathway. (A) RAECs were collected, and cytosolic and nuclear fractions were isolated as
described in Methods. A western blot was carried out to detect the subcellular localisation of NF-κB with an antibody against the NF-κB subunit p65. β-Actin served as a cytosolic
marker, and fibrillarin as a nuclear marker. NF-κB nuclear localisation was higher both in HDL- and propofol-treated RAECs after cholesterol incubation. (B) Quantitative results
on the level of cytosolic and nuclear NF-κB. Relative (C) NF-κB-luciferase and (D) PPARγ activities were detected in the indicated four groups. All data are presented as the mean
± SEM, n = 3, *p < 0.05; **p < 0.01.

Discussion
Atherosclerosis is an inflammatory disease of
the wall of large- and medium-sized arteries that is
precipitated by elevated levels of LDL cholesterol in
blood [16, 20]. ABCA1 plays an important role in
artery wall cell–mediated modification/oxidation of
LDL by modulating the release of ROS from artery
wall cells; these compounds are necessary for LDL
oxidation [21]. Moreover, caveolae and caveolin-1 are
on the centre stage of cholesterol transport and
inflammation in macrophages [22]. Cholesterol efflux
is closely related to the expression levels of Cav-1 and
ABCA1 [22, 23]. Chao et al. provided evidence for a
direct interaction between ABCA1 and HDL, ABCA1
and caveolin-1, but not HDL and caveolin-1,
indicating that ABCA1 may act as a structural
platform for the interaction between HDL and
caveolin-1 on the cell surface during cellular
cholesterol efflux [24]. Pavlides et al. provided clear
evidence that the absence of Cav-1 in macrophages is
pro-atherogenic, whereas its absence in endothelial
cells protects against formation of atherosclerotic
lesions [25]. Lin et al. have reported that the

interaction between caveolin-1 and ABCA1 performs
an important function in the transport of lipids
between the Golgi apparatus and plasma membrane
caveolae [13].
Ma et al. suggested that anti-inflammatory
cytokine IL-10 was decreased and pro-inflammatory
cytokines (TNFα, IL-6, IL-12, and GCSF) was
increased in ABCA1-/- mouse. Furthermore,
cholesterol
enrichment
decreased
CREB
phosphorylation and promote pro-inflammatory
response. Disrupting lipid rafts by statins,
methyl-β-cyclodextrin or filipin also activates PKA
signaling pathway and recuperated ABCA1
phenotype and likely functions downstream of
ABCA1 [26]. p65 is well known as an indicator of
activation of the NF-κB pathway and proposed to be a
substrate of PKA [27, 28]. Therefore, we proposed that
propofol up-regulated ABCA1 and attenuated
inflammation via PKA-p65. However, we need more
evidences to prove it.
LXR–RXR heterodimers have anti-inflammatory
effects by upregulating ABCA1, ABCG1, and SR-B1
promoting the efflux of cholesterol from macrophages
http://www.medsci.org
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and thus may counter the amplification of TLR
signalling by cellular cholesterol accumulation after
propofol treatment [7, 20]. However, there is no
evidence to study the effect of propofol on
PPARγ/LXRα pathway in RACEs. Therefore, we
detected the PPARγ activity by PPAR gamma
Transcription Factor Assay Kit (ab133101, abcam)
(Figure 4D). Results showed that propofol has highest
inhibitory effect on PPARγ activity (Column 4, Figure
4D). Additionally, propofol has been used as an
antioxidant in a porcine ischemia-reperfusion model
[29]. In a clinical study, small-dose propofol sedation
attenuated free-radical production after a release of
the tourniquet during total knee replacement under
spinal anaesthesia [30]. In the present study, our
results showed that propofol reduced ROS
production in cholesterol-loaded RAECs (Figure 3) in
line with findings in other studies [31-33].
Furthermore, we demonstrated that propofol
promoted cholesterol efflux after HDL treatment
(Figure 2); however, Adaramoye et al. demonstrated
that this treatment elicited a detrimental effect on the
lipid profile resulting in hypercholesterolaemia,
which subsequently leads to abnormally high
activities of serum creatinine phosphokinase and
lactate dehydrogenase in rats [34]. On the other hand,
it has been reported that ABCA1, ABCG1, and SR-B1
was up-regulated by propofol via the PPAR-γ/LXRα
signalling pathway in THP-1 macrophage–derived
foam cells [7]. Therefore, the critical influence of
propofol on cholesterol efflux is still controversial.
Future studies should further delineate the exact
effects of propofol on this event.
Finally, our data point to the protective role of
propofol against endothelial-cell inflammation and
ROS damage via upregulation of ABCA1-mediated
cholesterol efflux after HDL incubation.
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