EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 630, 2022

Propofol produces neurotoxicity by inducing
mitochondrial apoptosis
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Abstract. Propofol is a fast and short-acting intravenous
anesthetic widely used in clinical anesthesia and intensive
care unit sedation. However, its use can cause abnormal
effects on the central nervous system. Thus, the purpose of
this study was to investigate the mechanism of propofol on
primary hippocampal neuron injury. In addition, we aimed to
determine whether a correlation exists between propofol and
mitochondrial apoptosis-induced neurotoxicity. Hippocampal
neurons cultured for 4 days were exposed to different drugs.
The treatment groups were divided according to drug expo-
sure into propofol, a rotenone inhibitor, and a coenzyme Q10
agonist groups. The final concentrations of propofol were
1, 10 and 100 M. The content of ATP and reactive oxygen
species (ROS) in the neurons of each group were detected
using commercial kits in the culture supernatant after 3 h
of drug exposure. Western blotting was used to analyze the
expression of apoptosis-related proteins. The JC-1 kit was
used to detect the mitochondrial membrane potential. The
results revealed that, compared with the non-propofol treat-
ment groups, the expression of apoptosis-related proteins,
ATP content, and mitochondrial membrane potential were
significantly decreased while the ROS content was markedly
increased in the propofol treatment group. In conclusion,
propofol treatment promoted damage to hippocampal neuronal
mitochondria in a dose-dependent manner. This damage may

Correspondence to: Dr Yubing Liang or Dr Linghui Pan,
Department of Anesthesiology, Guangxi Medical University Cancer
Hospital, 71 Hedi Road, Nanning, Guangxi Zhuang Autonomous
Region 530021, P.R. China

E-mail: liangybstugxmuedu@163.com

E-mail: panlinghui@gxmu.edu.cn

“Contributed equally

Key words: propofol, hippocampal neurons, apoptosis-related
protein, neurotoxicity

lead to neuronal apoptosis and neurotoxicity by inducing the
inhibition of mitochondrial respiratory chain complex I.

Introduction

Mitochondria, important semi-autonomous organelles, are the
‘power plant’ for cellular activities. They are the main sites for
energy conversion, regulation of redox potential energy, and
signal transduction. Additionally, mitochondria are important
sites for the generation of reactive oxygen species (ROS),
apoptosis regulation, and selective gene expression (1,2).
Although the molecular structures of anesthetics are usually
different, most can cause changes in multiple functions at
the mitochondrial level (3). For example, the occurrence of
propofol infusion syndrome (PRIS) is hypothesized to result
from direct interference with mitochondrial respiratory chains
or hindrance of fatty acid oxidation-related functions (4).

Propofol is an alkylphenolic compound and a mild
proton carrier (protonophore), different from dinitrophenols
(uncouplers). Propofol impairs respiratory chain complex I
and complex III activities (5) and induces reduced mitochon-
drial complex II and complex IV activity (6). Long-term
and high-dose infusions of propofol can inhibit the electron
transport chain flow in myocardial mitochondria, as well as
hinder energy production, finally causing metabolic acidosis,
arrhythmia, and other clinical symptoms (7). However, few
studies have explored the mechanisms of propofol on mitochon-
drial energy metabolism dynamics in hippocampal neurons.

Cytochrome ¢ (CytC) is a basic component of the respira-
tory chain and results from the synthesis of pro-cytochrome ¢
and heme from two inactive precursor molecules (8). CytC
deficiencies can lead to blockage of electron transport chain
functions due to overproduction of reactive oxygen species
(ROS) and incomplete oxidation, reduced ATP synthesis,
and apoptosis induction (9). Increasing evidence suggests that
CytC is a universally recognized mitochondrial-originated
cell death signal. Recent research has found that mitochon-
drial CytC regulates apoptosis by facilitating and amplifying
apoptotic signals (10).

The CytC/Apaf 1/caspase-9 complex is known as the ‘apop-
tosome’. Activated caspase in apoptotic bodies continuously
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activates downstream caspase-3, thereby triggering a cascading
reaction leading to apoptosis (11). Research using recently
developed techniques has found that CytC, Apafl, and dATP
are synergistic factors required to activate caspase-9. In addi-
tion, CytC release was found to increase ROS production and
mediate apoptosis by causing electron transport disorders in
the mitochondrial respiratory chain (12). Additionally, a third
influential pathway in apoptotic signaling has recently been
proposed: the endoplasmic reticulum stress pathway. The
dynamics of this pathway can cause calcium release from
the endoplasmic reticulum, lead to imbalances in calcium
homeostasis in the cytoplasm, activate caspase, and mediate
apoptosis (13).

Moreover, quantitative assessments have indicated that
the application of 50 ymol/l propofol can cause CytC release
in HL-60 cells, and subsequently promote the expres-
sion of cleavage products from the apoptotic protein Bid,
suggesting that propofol can activate mitochondrial-related
apoptotic pathways (14). Although CytC losses increase with
higher propofol concentrations, they do not interfere with
mitochondrial apoptotic-related pathways at relatively low
concentrations (15).

Based on these findings and current clinical needs, we
aimed to assess the mechanisms of propofol neurotoxicity
during development. More specifically, we examined mito-
chondrial damage in primary hippocampal neurons of rats,
and whether this process could be reversed by respiratory
chain inhibitors. By examining the mechanisms and roles of
propofol in neuronal apoptosis, we aim to establish a better
theoretical basis and provide increasingly precise guidance for
clinical applications of brain protection drugs to antagonize
the neurotoxicity of propofol.

Materials and methods

Establishment of a primary culture of hippocampal neurons
from neonatal rats. The experimental procedures and protocols
were approved by the Animal Use and Care Committee of the
Guangxi Medical University (no. SCXK GUI 2004-0002) and
were performed following the Guangxi Medical University's
Guideline for Ethical Review of Animal Welfare (GB/T
35892-2018). A total of 78 Neonatal SD rats (one day old)
obtained from animal center of Guangxi Medical University
were sacrificed by neck rupture. Brain tissues were quickly
placed upon ice-cooled plates and separated using anatomical
microscopy. Then, hippocampal tissue specimens were
submerged in a precooled HBSS solution and washed. Tissues
were cut with scissors and digested with a 0.125% trypsin reac-
tion terminated after 15 min. Placental blue staining was used
for cell counting, and hippocampal neurons were transferred
to 6-well plates, 96-well plates, and 50-ml culture flasks at
2-3x10° cells/ml. Cells were cultured in an incubator set at
37°C in 5% CO, atmosphere. After 48 h, and every 2 days
thereafter, the supernatants were replaced, and cell growth was
assessed using phase-contrast microscopy. Cultured hippo-
campal neurons were identified by NSE primary antibody
immunofluorescence staining (cat# ab79757 Abcam) at day 7.

Experimental groups and processing. After culturing primary
hippocampal neurons in vitro, neurons gradually outgrew

axons and dendrites and subsequently formed axonal connec-
tions. Hippocampal neurons were divided into control (C),
0.25% dimethyl sulfoxide (DMSO) (D), fat emulsion (F),
propofol 1 uM (P1), propofol 10 yuM (P10), and propofol
100 uM (P100) groups. All medication groups were exposed
for 3 h for subsequent analyses.

To examine whether propofol produces neurotoxicity by
inhibiting the mitochondrial respiratory chain, hippocampal
neurons were divided into control (C), fat emulsion (F),
0.25% DMSO (D), propofol 100 uM (P), rotenone inhibitor
0.1 uM (I), Coenzyme Q10 10 uM (CQ), Coenzyme Q10
10 uM + propofol 100 uM (PCQ) groups (Fig. 1). Neuronal
cells in groups C, F and D were incubated with fresh medium,
fat emulsion, and 0.25% DMSO, respectively. Neuronal cells
in group P were incubated with 100 gM propofol for 3 h;
neuronal cells in group I were incubated with 0.1 M mito-
chondrial complex enzyme I rotenone inhibitor for 1 h; the
CQ group was treated with 10 uM Coenzyme Q10 agonist for
2 h; the PCQ group was first treated with 10 uM Coenzyme
Q10 for 2 h, and then with 100 uM propofol for 3 h. Each
group of test samples was performed in triplicate, and each
treatment group had at least three independently assessed
batches of samples.

Western blotting. Cell samples from each group were lysed
with precooled RIPA lysis buffer and incubated on ice for
20 min. The supernatant was collected after centrifuging
the sample two times at 12,000 x g for 15 min at 4°C. Then,
protein samples were used for 10% SDS-PAGE electropho-
resis. Separated proteins were wetly transferred to PVDF
membranes, confirmed by ponceau red staining. Next, the
membrane was blocked in 3% BSA-TBST at room tempera-
ture in a shaker for 30 min, followed by washes with TBST.
Primary antibodies (Bcl-2; cat. no. ab32124), (Apaf-1; cat.
no. ab234436), (Bax; cat. no. ab32503), (cleaved caspase-9;
cat. no. ab2324), (CytC; cat. no. ab133504) obtained from
Abcam and diluted to 1:1,000 were added to the membrane and
incubated at 4°C overnight. HRP goat anti-rabbit IgG (H+L)
obtained from Abcam and diluted 1:1,000 (cat. no. ab6721)
in 5% skimmed milk powder-TBST was used as a secondary
antibody, at room temperature for 1 h. The ECL luminescent
solution was added to the film and allowed to react for 3-5 min.
The film was exposed for 10-300 sec, developed for 2 min,
and then fixed. Finally, image analyses were performed using
LabWorks 4.6 Image Analysis Software (LabWorks).

Mitochondrial membrane potential assessed by JC-1 staining.
Qualitative measures of mitochondrial membrane potential
were assessed by JC-1 staining. Cells were stained with JC-1
on a 6-well culture plate, and then observed under confocal
microscopy. Red to green fluorescence ratios represented
mitochondrial membrane potential and were analyzed using
cationic lipid fluorescent JC-1staining.

JC-1 (2.5 pg/ml) was added to the cell suspension until a
uniform red-purple color emerged. When the mitochondrial
membrane potential is high, JC-1 can gather in the mitochon-
drial matrix to form polymers (J-aggregates) and produce red
fluorescence. When the mitochondrial membrane potential
is low, JC-1 cannot gather in the mitochondrial matrix, thus
JC-1 is a monomer and produces green fluorescence. Next, the
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Figure 1. Experimental groups and processes. C, Control group; F, Fat emul-
sion group; P1, 1 uM propofol group; P10, 10 uM propofol group; P100,
100 uM propofol group. D, 0.25% DMSO; P, treatment with 100 #M propofol
for 3 h; I, treatment with 0.1 xM rotenone for 1 h; CQ group, treatment with
10 M coenzyme 10 for 2 h; PCQ group, treatment with 100 M propofol for
3h+ 10 uM coenzyme 10 for 2 h.

cell suspension was centrifuged at 500 x g for 5 min at room
temperature, the supernatant was removed, and cells were
resuspended using 0.3 ml of PBS.

JC-1 exists as a monomer at low concentrations and as a
polymer at high concentrations. Consequently, the emission
spectra of these two forms are different and can facilitate
the estimation and detection of changes in mitochondrial
membrane potential. When mitochondrial membrane potential
was increased, the JC-1 polymers increased and the ratio of
FL-2/FL-1 also increased. In contrast, when mitochondrial
membrane potential decreased, JC-1 monomers increased and
FL-2/FL-1 ratios decreased.

ROS and ATP level analyses. First, we detected mitochondrial
ROS levels using a Beyotime molecular kit (S0033S; Beyotime
Institute of Biotechnology). The 2'-7'dichlorofluorescin diace-
tate (DCFH-DA) probe has no fluorescence and can freely
cross the cell membrane. Post cell entry, DCFH-DA can be
hydrolyzed by esterases to produce DCFH. However, DCFH
itself cannot penetrate the cell wall membrane, which makes
this probe easy to assess by loading into cells. Particularly,
ROS in cells can oxidize non-fluorescent DCFH to generate
fluorescent DCFs. Thus, the level of intracellular ROS can
be estimated by detecting the DCF fluorescence. Second, we
detected mitochondrial ATP content using spectrophotometry
following the manufacturer's protocols (S0026; Beyotime
Institute of Biotechnology). Procedures were carried out
following all protocols in the molecular kits used.

Statistical analyses. Data are expressed as means + standard
deviations (SDs) and were analyzed using the Statistical
Package for the Social Sciences (SPSS, version 18.0; IBM
Corp.). One-way ANOVA was used for comparisons between
groups, and a P<0.050 was considered statistically significant.

1 day

Figure 2. Changes in the morphology of primary hippocampal neurons under
light microscopy. (A) One day (24 h) after plating, the halos of the cells were
clear, and two to three small dendrites of different lengths extended from
the cell body. (B and C) After 3-5 days, the cell body enlarged, the dendrites
became thicker and longer, forming a simple neural network. (D) Seven days
after culture, the dendritic connections between neurons were more closely
linked, with interwoven protrusions forming a more complex neural network.

Results

Mitochondrial damage is induced by propofol in a
dose-dependent manner. The experimental processes are
represented in Fig. 1. The morphological changes of primary
hippocampal neurons from days 1-7 were shown (Fig. 2).
Dendritic growth was observed through positive anti-NSE
immunocytochemical staining of the cell cytoplasm with the
nuclei stained blue (Fig. 3). The effects of propofol on ATP
and ROS levels in primary hippocampal neurons are presented
in Fig. 4A and B. No significant differences in ATP and ROS
levels between C, F and P1 groups were detected (P>0.05).
In contrast, compared with the C group, the ATP content was
significantly decreased and the ROS content was significantly
increased in the P10 and P100 groups (P<0.05). These results
showed that the ROS content increased and ATP content
decreased with increasing propofol concentrations. Therefore,
the mitochondrial damage caused by propofol was found to be
concentration-dependent below 100 M (Fig. 4A and B).

Propofol mediates neuronal apoptosis. No significant differ-
ences were detected in the relative expression levels of Bcl-2,
Apaf-1, Bax, cleaved caspase-9, and CytC proteins between
the F, D and CQ groups compared with the C group (P>0.05).
On the other hand, the Bcl-2 protein content was significantly
decreased in the P and I groups, and Apaf-1, Bax, cleaved
caspase-9, and CytC were significantly increased in the
P group compared with the C group (P<0.050). Additionally,
for the PCQ group, the Bcl-2 protein content was significantly
increased, and Apaf-1, Bax, cleaved caspase-9, and CytC
were significantly decreased compared with the P group
(P<0.05) (Fig. 5).

Neurotoxic effects mediated by propofol are partially
inhibited by respiratory chain recovery. The ATP and ROS
content determination results demonstrated a lack of signifi-
cant differences between the F, D and CQ groups (P>0.05),
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B

Figure 3. Primary hippocampal neurons (7 DIV) were identified by anti-NSE immunocytochemical staining, and a purity analysis was performed. (A and B) After
staining with rabbit monoclonal antibody against neuron-specific enolase (NSE), under light microscope, the hippocampal neuronal cell bodies, dendrites, and
axons were brown, and the axons and dendrites formed synaptic connections between the cells in a reticular pattern. The nuclei were blue-stained with DAPI.
Thus, rat hippocampal neuronal cells were successfully cultured in vitro. The proportion of NSE-positive hippocampal neurons among the total number of
cells in the visual field was counted in eight fields of view. The purity of hippocampal neurons was 92.2+1.6% (n=8 fields). 7 DIV, 7 days in vitro.
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Figure 4. Mitochondrial damage was induced by propofol in a dose-dependent manner. (A) ATP and (B) ROS levels were detected after primary neurons
were treated. n=3, "P<0.05 compared with the C group; “P<0.05 compared with the P1 group; ¥P<0.05 compared with the P10 group. C, Control group; F, Fat
emulsion group; P1, 1 uM propofol group; P10, 10 M propofol group; P100, 100 uM propofol group.

whereas ATP and ROS contents in I groups were significantly
decreased compared to the control (P<0.050). Compared with
the P group, ATP contents were significantly increased in the
PCQ group while ROS group significantly decreased in the
PCQ group (P<0.050) (Fig. 6A and B).

Moreover, we measured the mitochondrial membrane
potential. Our findings indicated that, compared with
the C group, no significant differences in mitochondrial
membrane potential were found between the F and D groups
(P>0.050). On the other hand, compared with group C, the
mitochondrial membrane potential was significantly increased
in the CQ group (P<0.050) and significantly decreased in the
P and I groups (P<0.050). The mitochondrial membrane poten-
tial was significantly increased in the PCQ group compared
with the P group (P<0.050; Fig. 6C and D).

Altogether, these results suggest that propofol may
cause neuronal apoptosis and neurotoxicity by inducing
mitochondrial membrane potential inhibition.

Discussion
Propofol is a fast and short-acting intravenous anesthetic

widely used in clinical anesthesia and ICU sedation (16-18).
Since Patel and Knights (19) discovered in 1992 that

pediatric behavioral abnormalities were caused by propofol
anesthesia at clinical doses, many animal and cell-based
experiments have been used to investigate whether or not
propofol induces neurotoxicity in developing brain. For
example, clinical doses of propofol injected into newborn
mice for 5 or 7 days increased apoptotic neuron numbers
in developing brains and caused abnormal development of
the central nervous system. These effects continued through
adulthood, subsequently affecting various neurological
processes (20).

In the present study, we established an in vitro model of
hippocampal neurons. We incubated propofol at different
concentrations with primary neurons to simplify otherwise
complex biological processes. The effects of propofol on the
survival, growth, development, morphological function and
molecular neuronal dynamics were assessed, increasing the
knowledge regarding its molecular mechanisms. Our current
findings indicated that propofol inhibited the growth of hippo-
campal neurons in a dose-dependent manner. Compared with
the control group, the inhibition of hippocampal neurons was
most significant for the propofol 100 yuM group. Additionally,
propofol incubation significantly increased the levels of hippo-
campal neuron apoptotic proteins. These results indicated that
propofol promoted cell apoptosis.
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Figure 5. Propofol mediates neuronal apoptosis. After treatment of cells in the indicated groups, cleaved caspase-9, cytochrome ¢ (CytC), Bax, Apaf-1, and
Bcl-2 were detected by western blotting. Representative bands (A) and histograms (B-F). n=3, "P<0.05 compared with the C group; “P<0.05 compared with
the P group. C, Control group; F, Fat emulsion group; D, 0.25% DMSO; P, treatment with 100 #M propofol for 3 h; I, treatment with 0.1 #M rotenone for 1 h;
CQ group, treatment with 10 M coenzyme 10 for 2 h; PCQ group, treatment with 100 #M propofol for 3 h + 10 M coenzyme 10 for 2 h.

In immature neurons, propofol is a GABA receptor stimu-
lant, and high propofol concentrations can directly activate
GABA receptors, which in turn activate NMDA receptors (21).
Additionally, high concentrations (500 gmol/l) of propofol can
increase lysosomal membrane permeability of macrophages
and vascular endothelial cells, facilitate sustained depolariza-
tion of mitochondrial membrane potential, induce oxidative
phosphorylation uncoupling, and decrease intracellular ATP
concentrations, ultimately leading to macrophage and vascular
endothelial cell necrosis (22). Therefore, high concentrations
of propofol might also cause neuronal necrosis by acting
directly on lysosomes and mitochondria.

Propofol is also known to affect the activity of hippocampal
neurons and promote their apoptosis, which may also be related
to the abnormal expression of different intracellular proteins.

Nuclear factor (NF)-«xB is a DNA-binding protein that trig-
gers gene expression of various inflammatory mediators, such
as tumor necrosis factor (TNF)-a, and promotes transcription
of genes associated with cell proliferation (23). For example,
decreased expression of NF-kB can promote neuronal apop-
tosis since NF-kB can counteract apoptotic programming by
regulating the Bcl-2 protein family that inhibits apoptosis (24).
On the other hand, NF-«kB can directly act upon the ultimate
executor of apoptosis, thereby blocking apoptosis by reducing
downstream caspase-3 activity. Under normal circumstances,
caspase-3 exists in a prototype form in cells (25). When apop-
totic signals act on cell receptors, caspase-3 becomes activated
and hydrolyzes intracellular substrates, finally leading to cell
apoptosis. A previous study showed that 25 mg/kg propofol
overactivated TNF in neurons of newborn 5-day-old mice, which
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Figure 6. Neurotoxic effects mediated by propofol are partially inhibited by respiratory chain recovery. After treatment of cells in the indicated groups,
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I, treatment with 0.1 #M rotenone for 1 h; CQ group, treatment with 10 M coenzyme 10 for 2 h; PCQ group, treatment with 100 #M propofol for 3 h + 10 uM

coenzyme 10 for 2 h.

in turn activated caspase-3, leading to extensive neuronal cell
apoptosis. Moreover, 3 or 5 uM propofol significantly increased
intracellular activated caspase-3 protein in hippocampal neurons
cultured in vitro over 4-7 days (26). The increased expression
of caspase-3 in the 1,000 M propofol group might have been
related to cell necrosis. Programmed cell necrosis pathways
were found to be activated under various death signals (27).
Mitochondrial inner membrane permeability, transition pore
development, and lysosomal membrane permeability increased
when cytochrome ¢ (CytC), cathepsin, and other proteins are
released into the cytoplasm. These activated apoptosis-related
proteins in the Bcl and caspase families can increase the
expression of apoptosis-related proteins in the cytoplasm.
Mitochondria are the main sites where eukaryotic cells
carry out biological oxidation which is accompanied by ROS

production (28). When ROS are overproduced, oxidative stress
responses in hippocampal neurons are increased and can lead
to apoptosis (29,30). Apoptosis of hippocampal neurons is an
important mechanism that maintains homeostasis in the brain,
and mitochondrial apoptosis is one of the important pathways in
this process (31). Increased activity and expression of caspase-3
and caspase-9 are considered markers of mitochondrial apop-
totic pathways activity (32). However, the effects of propofol
upon mitochondrial oxidative stress-related apoptotic pathways
have rarely been examined. Previous research indicated that
propofol could reduce hippocampal neuronal apoptosis after
ischemia-reperfusion in rats, which may be related to the acti-
vation of the PI3K/AKT signaling pathway and upregulation of
Bcl-2 protein expression, exerting neuroprotective effects (32).
Since the prior maximum plasma concentration of propofol
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used clinically is 56 uM, we selected 100 M as the highest
experimental concentration in our assessments (33). We exam-
ined the effects of propofol-induced oxidative stress injuries on
reactive oxygen species (ROS) and ATP levels, and apoptosis in
hippocampal neurons. Previous studies (34,35) have shown that
propofol could increase mitochondrial ROS levels, decrease
ATP levels, and increase mitochondrial-mediated activation of
Apaf-1, cleaved caspase-9, and CytC apoptotic factors in hippo-
campal neurons, ultimately leading to hippocampal neuronal
apoptosis. Respiratory chain inhibitors can have similar effects,
which suggests that propofol might act on the mitochondrial
respiratory chain (36). Additionally, in the present study, the
respiratory chain activator was able to reverse propofol-induced
mitochondrial oxidative stress injuries to some extent, as well
as induce increased ATP levels, and decrease ROS and mito-
chondrial apoptotic pathway-related factors, including Apaf-1,
cleaved caspase-9 and CytC.

Our current results also indicated that propofol could
mediate damage and apoptosis of hippocampal neurons by
inhibiting the mitochondrial membrane potential and regu-
lating mitochondrial apoptotic pathways. Moreover, these
findings demonstrated that ROS levels in the 1 uM propofol
group did not significantly change compared with the control
group. This result demonstrated that propofol increased ROS
basal levels in a dose-dependent manner. Respiratory chain
inhibitors can also induce increased ROS production in hippo-
campal neurons, resulting in excessive ROS accumulation. In
addition, excessive ROS can cause mitochondrial redox imbal-
ance, leading to the activation of mitochondrial apoptotic
pathways and apoptosis. Respiratory chain activators relieved
oxidative stress load and inhibited intracellular ROS produc-
tion, Apaf-1, cleaved caspase-9, and CytC in hippocampal
neurons treated with propofol.

Overall, propofol induced neuronal apoptosis and facili-
tated neurotoxicity by inhibiting mitochondrial membrane
potential. However, whether or not propofol might also
exert neurotoxicity through other pathways and the specific
dynamics underlying the signal transduction mechanisms
require further studies.
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