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The propofol-induced mitochondrial damage in fetal rat
hippocampal neurons via the AMPK/P53 signaling pathway
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Background: Propofol is a commonly used general anesthetic that may cause neuronal damage, especially
in infants and young children. Mitochondria play an essential role in cellular metabolism and signal
transduction. Propofol may cause neurotoxicity by inhibiting mitochondrial function, but the mechanism by
this which occurs remains unclear.

Methods: First, the primary rat hippocampal neurons were cultured for 7 days iz vitro. The neurons were
incubated with propofol at different times or different concentrations, and then the adenosine triphosphate
(ATP), reactive oxygen species (ROS), mitochondrial membrane potential, and apoptosis-related proteins
were analyzed. Based on the results of the Ist phase, the neurons were then incubated with propofol
(100 pM) or corresponding reagents, including 5-aminoimidazole-4-carboxamide ribonucleotide, tenovin-1,
and pifithrin-o. Subsequently, the ATP, ROS, mitochondrial membrane potential, phospho-adenosine
5'-monophosphate-activated protein kinase (p-AMPK), protein 53 (p53), and related apoptosis proteins were
analyzed.

Results: Higher propofol concentrations or longer incubation times were associated with more pronounced
decreases in ATP, B-cell lymphoma 2 (Bcl-2), and mitochondrial membrane potential, and more pronounced
increases in ROS, BCL2-associated X (Bax), Cytochrome C (CytC), and cleaved caspase-9. Additionally,
after incubation with propofol (100 pM), neuronal Bcl-2, p-AMPK, ATP, and mitochondrial membrane
potential were downregulated, and ROS, p53, CytC, Bax, cleaved caspase-3, and cleaved caspase-9 were
upregulated. AMPK activators or p53 inhibitors reversed the above-mentioned changes.

Conclusions: Propofol (100 pM)-induced mitochondrial damage in fetal rat hippocampal neurons may
be mediated by the AMPK/p53 signaling pathway. Propofol (100 pM) was shown to inhibit the activity
of AMPK in neurons, upregulate the expression of p53, and then activate the mitochondrial-dependent

apoptosis pathway, which may lead to neuronal apoptosis.
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Introduction

Our early basic research (1), and pre-clinical studies have
shown neuroanatomical changes and lifetime cognitive
deficits after exposure to common anesthetics at a young age
(2,3). Prospective and retrospective clinical studies suggest
that a single, brief exposure of a healthy individual to
anesthesia will not cause long-term deficits (4,5). However,
the effects of multiple or prolonged exposure to anesthesia
remain unknown.

Mitochondrial functions and cellular energy levels
are considered essential factors in cell survival, and
modifications of these factors can trigger apoptotic cell
death. Some scholars have reported that general anesthesia
can cause mitochondrial dysfunction through various
mechanisms, such as oxidative stress, electron transport
chain dysfunction, calcium homeostasis disturbances, and
mitochondria-dependent apoptosis (6,7). Propofol is a
general anesthetic that is widely used anesthetic for the
induction and maintenance of anesthesia and critical care
sedation in children due to its rapid onset of action, rapid
recovery, and no accumulation during continuous infusion.
Existing research and previous studies by our group have
shown that propofol can induce widespread neuroapoptosis
in developing brains, which leads to cause long-term
learning and memory abnormalities (1), and mitochondrial
electron transport chain dysfunction, increase intracellular
reactive oxygen species (ROS) production, and reduce
adenosine triphosphate (ATP) levels (8), which suggests
that propofol is likely to induce neurotoxicity by inhibiting
mitochondrial function, which may be the reason why
propofol has a toxic effect on brain development and causes
long-lasting cognitive impairment (9,10).

Adenosine 5'-monophosphate (AMP)-activated protein
kinase (AMPK) is a conserved energy sensor. During energy
stress, AMPK directly phosphorylates key factors involved
in multiple pathways to restore energy balance (11). Protein
53 (p53) is a downstream factor of AMPK, and AMPK can
directly or indirectly affect the expression of p53 and then
activate downstream related cell signaling pathways to
induce cell apoptosis (12).

Based on the above, different concentrations or exposure
times of propofol may cause varying degrees of damage
to neuronal mitochondria and reduce the production of
ATP. Thus, we hypothesized that a reduction in ATP could
lead to the activation of AMPK. In this study, a variety of
drugs were used to incubate hippocampal neurons, measure
related proteins, and explore whether AMPK mediates
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propofol-induced mitochondrial damage in fetal rat
hippocampal neurons.

In this study we aimed to understand the potential
mechanisms of the neurotoxicity of propofol and identify
the role of the AMPK/p53 signaling pathway in the process.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-4374/rc).

Methods
Hippocampal neuron cultures

All the experimental procedures in this study were approved
by The Animal Care and Welfare Committee of Guangxi
Medical University (No. 201807290, Nanning, Guangxi,
China) and implemented in accordance with the guidelines
for the ethical review of laboratory animal welfare (GB/
T 35892-2018). A protocol was prepared before the study
without registration. Sprague-Dawley (SD) pregnant rats
were provided by the experimental animal center of Guangxi
Medical University. Primary hippocampal neurons were
isolated from 16- to 18-day-old SD pregnant rat embryos
according to previous experimental methods (13,14).

First, 1% isoflurane was used to anaesthetize the pregnant
rats, and the uterus was rapidly exposed to remove the fetus,
which was then anesthetized and decapitated to expose the
hippocampus tissue that was then shredded under sterile
conditions. The hippocampus tissue was then placed in a
centrifuge tube and digested with trypsin digestion solutions
(0.25%, without phenol red) (Solarbio, China, Cat#11350)
at 37 °C, for 15 minutes. When the digestive juice became
turbid and the tissue became thin, the upper layer of the
trypsin solution was discarded, and an equal volume of
plating medium was added to terminate the digestion. At
the same time, a glass pipette was used to dissociate the
tissue and make them into a single-cell suspension. The
single-cell suspension was seeded onto poly-lysine-coated
plates (Sigma, USA, Cat#P4832) with a medium containing
88% Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) (Gibco, USA, Cat#A4192001),
10% fetal bovine serum (Gibco, New Zealand,
Cat#10091155), 1% glutamine (Sigma, USA, Cat#G7513),
and 1% penicillin/streptomycin (100x, Solarbio,
China, Cat#P1400) at a density of 1-2x10° cells/mL
in the cell incubator with 5% carbon dioxide (CO,) and
95% air at 37 °C.

After 4 hours inoculation, the medium was replaced with
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Figure 1 Experimental groups and treatments. In the Ist phase of the study, the concentration-dependent group included hippocampal

neurons that were incubated with fresh maintenance medium, a fat emulsion, and different concentrations of propofol for 3 h. In the time-

dependent group, the hippocampal neurons were incubated with fresh medium, a fat emulsion and propofol (100 pM) for 3, 6, and 9 h,

respectively. In the 2nd phase of the study, the hippocampal neurons were incubated with fresh maintenance medium, a fat emulsion, 0.25%

DMSO, propofol (100 pM), compound C, AICAR, tenovin-1 and pifithrin-o for different times. Group C, control, fresh maintenance
medium; Group F, fat emulsion; Group P,, 1 pM propofol; Group P,,, 10 pM propofol; Group Py, 100 pM propofol; Group P;, 100 pM
propofol for 3 h; Group P, 100 pM propofol for 6 h; Group Py, 100 pM propofol for 9 h; Group D, 0.25% dimethyl sulfoxide; Group P,
100 pM propofol for 3 h; Group CC, 10 pM compound C for 1 h; Group PA, 100 pM 5-aminoimidazole-4-carboxamide ribonucleotide
for 3 h and 100 pM propofol for 3 h; Group T, 5 pM tenovin-1 for 24 h; Group PP, 10 pM pifithrin-a for 1 h and100 pM propofol for 3 h.
DMSO, dimethyl sulfoxide; AICAR, 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside.

a serum-free maintenance medium that was not conducive
to the growth and survival of glial cells. As a result, the
final surviving cell population was mainly composed of
neurons: The serum-free maintenance medium consisted
of 96% neurobasal (Gibco, USA, Cat#21103049), 2% B-27
(50%, Gibco, USA, Cat#17504044), 1% 200 mM glutamine
(100x, Sigma, USA, Cat#G7513), and 1% penicillin/
streptomycin (100x, Solarbio, China, Cat#P1400). Half
of the maintenance medium was replaced every 3 days.
During the culture, cell growth, morphology, density,
and protuberances were observed and recorded. All of the
experiments were performed after 7 days in vitro (7 DIV).

Experimental groups and treatment

In the Ist phase of the study, petri dishes containing the
7 DIV primary hippocampal neurons were divided into
5 groups using a random-number table (see Figure I). The
concentration-dependent groups comprised Groups C, F,
P,, Py, and P,y. The hippocampal neurons in Groups C
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and F were incubated with fresh maintenance medium and
fat emulsion, respectively, for 3 h. The cells in Groups P,
Py, and P,y were incubated with propofol at corresponding
concentrations of 1, 10, and 100 pM, respectively, for 3 h.
The time-dependent groups comprised Groups C, E, P;, P,
and Py. The hippocampal neurons in Groups C and F were
incubated with fresh medium and fat emulsion, respectively,
for 3 h. The cells in Groups P;, P,, and P, were incubated
with propofol (100 pM) for 3, 6, and 9 h, respectively.

In the 2nd phase of the study, based on the experimental
results of the 1st phase, the hippocampal neurons were
randomly divided into Groups C, F, D, P, CC, PA, T,
and PP. The cells in Groups C, F, and D were incubated
with fresh medium, fat emulsion, and 0.25% dimethyl
sulfoxide (DMSO), respectively, for 3 h. The cells in Group
P were incubated with propofol (100 pM) for 3 h. The
cells in Group CC were incubated with the compound C
(AMPK inhibitor) (10 pM) for 1 h. The cells in Group PA
were incubated with 5-aminoimidazole-4-carboxamide

ribonucleotide (AICAR) (AMPK activator) (100 pM) for
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3 h and then with propofol (100 pM) for 3 h. The cells in
Group T were incubated with tenovin-1 (p53 activator)
(5 pM) for 24 h. The cells in Group PP were incubated with
pifithrin-o (10 pM) for 1 h and then propofol (100 pM) for
3 h (see Figure 1).

Western blotting was used to measure the expression of
phospho (p)-AMPK, p53, and apoptosis-related proteins, in
the hippocampal neurons. We also measured the levels of
ATP, ROS, and mitochondrial membrane potential. Each
sample was tested at least 3 times, and each group had at
least 3 independent batches of samples.

Western blot analysis

After the cells in each group were incubated with the
corresponding treatments, the neurons were lysed with cell
lysis buffer, total protein was extracted, and the protein
concentration was determined using a Bicinchoninic acid
(BCA) Protein Assay Kit (Beyotime, China, Cat#P0012).
Samples from each group were combined with loading
buffer, and boiled-for 5 minutes, separated on a 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel, transferred to a polyvinylidene fluoride
(PVDF) membrane (0.22 pm, Millipore, USA) at room
temperature. The membranes were blocked with skim
milk for 1 h, and then incubated with antibodies against
cleaved caspase-3 (1:1,000, Cell Signaling Technology,
USA, Cat#9661), cleaved caspase-9 (1:1,000, Cell Signaling
Technology, USA, Cat#9507), Bcl-2 (1:1,000, Abcam, USA,
Cat#ab196495), Bax (1:1,000, Cell Signaling Technology,
USA, Cat#2772), CytC (1:1,000, Cell Signaling Technology,
USA, Cat#4272), p-AMPK (1:1,000, Cell Signaling
Technology, USA, Cat#2537), p53 (1:1,000, Cell Signaling
Technology, USA, Cat#9282), and GAPDH (1:5,000,
Proteintech, USA, Cat#10494-1-AP) overnight at 4 °C (only
cleaved caspase-9, Bcl-2, Bax, and CytC were added in the
first phase of the study). Next, the membrane was washed
with Tris-buffered saline/Tween 20 (TBST) (Solarbio,
China, Cat#T11085) for 3 times. The membranes incubated
with IRDye 680RD (1:10,000, LI-COR, Lincoln, NE) at
4 °C for 2 h. The membrane was scanned with an Odyssey
membrane scanner and analyzed by Image Lab software.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the endogenous reference. The gray value of each
target protein band was compared to that of the GAPDH
band, and the ratio represented the expression level of each
protein.
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ATP measurement

ATP was measured according to the method described by
the manual. The medium was adsorbed, 200 pL of lysate
was added to each well of a 6-well plate, and the plate was
then centrifuged at 12,000 g and 4 °C for 5 minutes and
removed the supernatant. Use the diluent to dilute the ATP
detection reagent at a ratio of 1:9. Next, the ATP detection
solution (100 pL) was added to the detection well at room
temperature for 3—5 minutes. The sample (20 pL) was then
added to the test well and quickly mixed. After 2 sec, a
photometer or liquid scintillator was used to determine the
relative light unit (RLU) value or counts per minute (CPM),
respectively.

ROS measurement

ROS was measured according to the method described
by the manual. 2,7-Dichlorodihydrofluorescein diacetate
(DCFH-DA) probe fluorescence microscopy to measure
the content of ROS in the primary hippocampal neurons.
A serum-free medium was used to dilute the DCFH-DA
(10 pM). The medium was replaced with the DCFH-DA
(10 pM) at 37 °C for 20 minutes. The cells were washed
with serum-free cell medium 3 times. The fluorescence
intensity was observed under a confocal laser micro-scope
(at an excitation wavelength of 488 nm, and an emission
wavelength of 525 nm) and measured using software.

Mitochondrial membrane potential

Mitochondrial membrane potential was measured
according to previous experimental methods. The serum-
free maintenance medium was replaced with JC-1 staining
solution, mixed well, and then incubated at 37 °C for
20 minutes. During incubation, the JC-1 staining buffer
(5x) was diluted to JC-1 staining buffer (1x) with distilled
water at a ratio of 1:4 and placed in an ice bath. 20 minutes
later, the supernatant was removed, and the cells were
washed twice with the JC-1 staining buffer (Ix). Next, an
appropriate amount of cell culture medium was added into
the well with hippocampal neuron, and the fluorescence
microscope was used to observe the hippocampal neuron.
When the membrane potential decreased, the JC-1 formed
monomers and produced green fluorescence. When the
membrane potential of the mitochondria was normal, the
mitochondrial matrix formed a polymer and produced red
fluorescence.
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Statistical analysis

All the statistical analyses were performed using SPSS
statistical software package standard version 22.0 (Chicago,
IL) and GraphPad Prism version 6.02 (OriginLab, USA).
The data are presented as the mean = standard deviation
(SD) for the 3 independent experiments. A 1-way analysis of
variance (ANOVA) was used to analyze differences among
multiple groups. A P<0.05 was considered statistically
significant.

Results

Propofol damaged mitochondria in hippocampal neurons
in a concentration-dependent manner

To determine whether the propofol-induced hippocampal
neuron damage was related to concentration, we
analyzed the apoptosis-related proteins, ATP, ROS, and
mitochondrial membrane potential. The results showed
that there were no significant differences in the apoptosis-
related proteins, ATP, ROS, or mitochondrial membrane
potential between Group C and Groups F and P, (P>0.05).
However, ATP, mitochondrial membrane potential and
Bcl-2 were significantly decreased, and ROS, Bax, CytC,
and cleaved caspase-9 were significantly increased in
Groups Py, and Py (P<0.05). Compared to Group P,
ATP, mitochondrial membrane potential, and Bel-2 were
significantly decreased and ROS, Bax, CytC, and cleaved
caspase-9 were significantly increased in Groups Py, and
P40 (P<0.05). Compared to Group Py, ATP, mitochondrial
membrane potential, and Bcl-2 were significantly
decreased and ROS, Bax, CytC, and cleaved caspase-9 were
significantly increased in Group P,y (P<0.05) (see Figure 2).

Propofol damaged mitochondria in bippocampal neurons
in a time-dependent manner

To determine whether the propofol-induced damage to
hippocampal neurons was related to time, we analyzed the
apoptosis-related proteins, ATP, ROS, and mitochondrial
membrane potential. The results showed that there
were no significant differences in the apoptosis-related
proteins, ATP, ROS, or mitochondrial membrane potential
between Group C and Group F (P>0.05). However,
ATP, mitochondrial membrane potential and Bcl-2 were
significantly decreased, and ROS, Bax, CytC and cleaved
caspase-9 were significantly increased in Groups P, P,

and P, (P<0.05). Compared to Group P;, Bcl-2, ATP, and
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mitochondrial membrane potential were significantly
decreased, and ROS, Bax, CytC, and cleaved caspase-9
were significantly increased in Groups P, and P, (P<0.05).
Compared to Group Py, Bel-2, ATP, and mitochondrial
membrane potential were significantly decreased, and
ROS, Bax, CytC, and cleaved caspase-9 were significantly
increased in Group P, (P<0.05) (see Figure 3).

High concentrations of propofol damaged mitochondria,
inbibited AMPK activity, increased p53 expression, and
activated downstream apoptosis-related pathways in
neurons

According to previous experimental results, we hypothesized
that propofol (100 pM) would seriously damage the
mitochondria of the hippocampal neurons after 3 h of
incubation. The results showed that compared to Group C,
there was no significant difference in the relative expression
of p-AMPK, p53, cleaved caspase-9, Bcl-2, Bax, cleaved
caspase-3, and CytC in Groups F and D (P>0.05). However,
p-AMPK was significantly reduced in Groups P and CC
(P<0.05), and Bcl-2 was significantly reduced, and Bax,
CytC, cleaved caspase-3, cleaved caspase-9, and p53 were
significantly increased in Groups P, CC, and T (P<0.05).
Compared to Group P, p-AMPK was significantly increased
in Group PA (P<0.05), Bcl-2 was significantly increased, and
Bax, CytC, cleaved caspase-3, cleaved caspase-9, and p53
were significantly decreased in Groups PA and PP (P<0.05)
(see Figure 44-4H).

Compared to Group C, there were no significant
differences in the ATP and ROS levels or the JC-1
aggregate/JC-1 monomer ratio in Groups F and D (P>0.05).
However, the ATP and the JC-1 aggregate/JC-1 monomer
ratio were significantly reduced, and ROS was significantly
increased in Groups P, CC, and T (P<0.05). Compared
to Group P, the ATP levels and the JC-1 aggregate/JC-1
monomer ratio were significantly increased, and ROS was
significantly decreased in Groups PA and PP (P<0.05) (see
Figures 41-4L).

Discussion

The peak of neural development in the human body occurs
between the 2nd trimester and the 3rd year of birth.
During this period, the nervous system is vulnerable to the
influence of external factors and can develop abnormally
(15,16). Anesthetics commonly used in clinical practice
can lead to brain damage and long-term behavioral
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Figure 2 Propofol damaged mitochondria in the hippocampal neurons in a concentration-dependent manner. (A) Cleaved caspase-9, Bel-2, Bax, and
CytC protein expression were detected by Western blot assay. (B-E) Quantitative analysis of the ratio of cleaved caspase-9, Bcl-2, Bax, and CytC to
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1 pM propofol; Group P,y, 10 pM propofol; Group Py, 100 pM propofol. ANOVA, analysis of variance; ATP, adenosine triphosphate; ROS,
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Figure 3 Propofol damaged mitochondria in the hippocampal neurons in a time-dependent manner. (A) Cleaved caspase-9, Bcl-2, Bax, and CytC protein
expression were detected by Western blot assay. (B-E) Quantitative analysis of the ratio of cleaved caspase-9, Bcl-2, Bax, and CytC to GAPDH (1-way
ANOVA, *P<0.05). (F;G) Fluorescence images of JC-1 aggregates and JC-1 monomers in each group (1-way ANOVA, *P<0.05). (F,I) ATP and ROS
content in each group (1-way ANOVA, *P<0.05). Group C, control, fresh maintenance medium; Group F, fat emulsion; Group P;, 100 pM propofol for 3 by
Group Py, 100 pM propofol for 6 h; Group P, 100 pM propofol for 9 h. ANOVA, analysis of variance; ATP, adenosine triphosphate; ROS, reactive oxygen
species; Bcl-2, B-cell lymphoma 2; Bax, BCL2-associated X protein; CytC, Cytochrome C; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4 High concentrations of propofol damaged the mitochondria, inhibited AMPK activity, increased p53 expression, and activated the
downstream apoptosis-related pathways in neurons. (A) p-AMPK, AMPK, p53, cleaved caspase-9, Bcl-2, Bax, cleaved caspase-3, and CytC protein
expression were detected by Western blot assay. (B-H) Quantitative analysis of the ratio of p-AMPK to AMPK and p53, cleaved caspase-9, Bcl-2, Bax,
cleaved caspase-3, and CytC to GAPDH (1-way ANOVA, *P<0.05). (I-]) Fluorescence images of JC-1 aggregates and JC-1 monomers in each group
(1-way ANOVA, *P<0.05). (K,L) ATP and ROS content in each group (1-way ANOVA, *P<0.05). Group C, control, fresh maintenance medium;
Group F fat emulsion; Group D, 0.25% dimethyl sulfoxide; Group P, 100 uM propofol for 3 h; Group CC, 10 pM compound C for 1 h; Group PA,
100 pM 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside for 3 h and 100 M propofol for 3 h; Group T, 5 pM tenovin-1 for 24 h; Group
PP, 10 pM pifithrin-a for 1 h and 100 pM propofol for 3 h. ANOVA, analysis of variance; ATP, adenosine triphosphate; ROS, reactive oxygen species;
p53, protein 53; p-AMPK, phospho-adenosine 5'-monophosphate-activated protein kinase; AMPK, adenosine 5'-monophosphate-activated protein
kinase; Bcl-2, B-cell lymphoma 2; Bax, BCL2-associated X protein; CytC, Cytochrome C; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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abnormalities during development (17). Propofol is a
general anesthetic commonly used clinically in infants
and young children. Existing research and previous
study by our group have shown that propofol can reduce
ATP production, which may be related to mitochondrial
damage (18).

In the Ist phase of this study, as the concentration of
propofol increased or the exposure time was prolonged,
ATP levels decreased, ROS levels increased, and
mitochondrial membrane potential decreased, which also
suggests that propofol can cause cell mitochondrial damage.
Mitochondrion-dependent apoptosis is a major apoptotic
pathway. Under normal physiological conditions, anti-
apoptotic proteins and proapoptotic proteins are located
in the mitochondrial outer membrane and are in dynamic
equilibrium. When the cells are in an abnormal state (e.g.,
when there is an increase in mitochondrial ROS and an
attack of the mitochondrial membrane), the Bcl-2 protein
family can be activated and induce cell apoptosis (19,20).
Similar results were observed in our experiments. These
results suggest that mitochondrial damage may be the
main factor associated with propofol-induced neurotoxicity
in the developing brain. Thus, the timely protection of
mitochondria represents an effective strategy for inhibiting
the neurotoxicity of general anesthetics.

The previous studies by our group have shown that
the Erk1/2/CREB/BDNF signaling pathway (13), PKA-
CREB-BDNF signaling pathway (1) and cAMP/PKA/
CREB signaling pathway (19) involved in this process. Are
there other signaling pathways involved in this process? In
search of answers, we did the second part of the experiment.
In the 2nd stage of the study, according to the FDA’s
recommendations for human-rat dose conversion and
referring to our previous research (21), we used 100 pM
of propofol (13) as the experimental concentration for
incubating neurons and analyzed the role of the AMPK and
p53 in propofol-induced neuronal mitochondrial damage.
AMPK is an energy-sensitive enzyme that is activated by
cellular stress resulting from ATP depletion. Initially, we
thought that propofol might be an inhibitor of neuronal
mitochondrial energy production. After exposure to high
concentrations of propofol, the ATP levels decreased
and the ratio of AMP to ATP increased, which promoted
AMPK phosphorylation (22). When AMPK is activated,
many downstream substrate proteins, such as p53 and p27,
are phosphorylated and regulate apoptosis (23). However, in
this study, the AMPK activity in neurons was significantly
inhibited after propofol (100 pM) exposure, and the p53
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and Bcl-2 family proteins were activated, which seems to
be contradictory to the traditional mechanism by which
AMPK induces apoptosis.

To further clarify the effect of AMPK in this process, we
incubated neurons with compound C (AMPK inhibitor),
and similar changes were observed after exposure to
propofol. However, when we pre-treated the neuronal
cells with AICAR (AMPK activator) and then incubated
them with propofol, the above effects were reversed. Thus,
propofol-induced neuronal mitochondrial damage is related
to AMPK activity. It may be that the reduction in ATP
does not effectively activate AMPK, and propofol plays a
major role in inhibiting AMPK activity. Under different
conditions, the molecular targets and effectors of AMPK-
mediated cell survival are diverse, and reduced AMPK
activity may induce apoptosis (24,25).

P53 is a tumor suppressor that participates in cell
proliferation, differentiation, and death, and plays critical
roles in both the cell cycle and apoptosis (26,27). It has been
reported that p53 responds to various types of genotoxic
damage and cellular stress by inducing or inhibiting the
expression of >100 different genes but ultimately tends to
induce apoptosis by regulating the Bcl-2 family protein
pathway (28,29). In this study, we incubated the cells with
a p53 activator and inhibitor, and found that compared to
the control group, after exposure to propofol or tenovin-1
(the p53 activator), p53, CytC, Bax, cleaved caspase-9,
and cleaved caspase-3 were upregulated, and Bel-2 was
downregulated. However, pretreatment with pifithrin-o (a
p53 inhibitor) reversed these effects. Additionally, neither
the p53 activator nor the p53 inhibitor had any significant
effect on AMPK activity. Thus, p53 is the key protein for
propofol-induced neuronal mitochondrial damage.

In summary, we believe that propofol-induced neuronal
mitochondrial damage is mediated through the AMPK/p53
signaling pathway. The reasons are as follows: (I) Propofol
activates Bcl-2 family proteins by inhibiting AMPK activity,
which may induce apoptosis, and an AMPK activator can
attenuate this effect; (II) the activation of Bcl-2 family
proteins is mediated by p53, which can be attenuated by p53
inhibitors; and (III) P53 is the downstream substrate protein
of AMPK. The activity of AMPK can affect the expression
of p53. The upregulation or downregulation of p53 does
not affect the activity of AMPK.

Conclusions

Propofol (100 pM)-induced mitochondrial damage in fetal
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rat hippocampal neurons may be mediated by the AMPK/
p53 signaling pathway. Propofol (100 pM) was shown
to inhibit the activity of AMPK in neurons, upregulate
the expression of p53, and then activate the downstream
mitochondrial-dependent apoptosis pathway, which may
lead to neuronal apoptosis. Both AMPK activators and
p53 inhibitors were shown to reverse the above-mentioned
changes.
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